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Chapter one 
General Introduction 
 
1.1 Origin and distribution 
Yams are found throughout the tropics region. Cultivated yams provide the staple 
food for millions of people in Africa South America, Asia and the Pacific tropical countries. 
Yams were domesticated by fishing communities, and its among the first domesticated plants 
species. The edible yams species domesticated independently in America, Africa, 
Madagascar, South and south-east Asia, Australia and Melanesia. However, the oldest 
cultivated and the most widely distributed cultivated yam (Dioscorea alata) is thought to be 
domesticated on the New Guinea, or in Melanesia. The lesser yam (Dioscorea esculenta L.) 
originated from Southeast Asia and Melanesia, but now distributed widely throughout 
tropical regions (Lebot, 1999). 
Yam and Taro were first exploited over 10000 years ago. Processing of yam and 
other plants indicates that they are likely to have been integrated into cultivation practices on 
the wetland edge from at least 6950 to 6440 cal BP (Fullagar et all., 2006).    
Figure 1. The world map for yam production (FAOSTAT, 2016). 
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1. 2 Major cultivated species of yam 
Yams (Dioscorea spp.) are edible species of genus Dioscorea, belong to the family 
Dioscoreaceae. This family classified among the monocotyledons, but some evidence of a 
second cotyledon also has been found. The genus Dioscorea included about 600 species is 
the largest in the family Dioscoreaceae. Among the more than 600 Dioscorea species, the 
species water yam (D. alata), D. bulbifera, yellow guinea yam (D. cayenensis), lesser yam 
(D. esculenta), Chinese yam (D. polystachya Turcz.), D. nummularia, D. pentaphylla, white 
guinea yam (D. rotundata), D. transversa and D. trifida are stable yams. And also many wild 
yams are important in time of food security (Wijmeersch and Bule, 1988). Yams are known 
as tropical crops, But the species D. polystachya Turcz. (known as D. batatas and D. 
japonica) is grown in the temperate regions, and is widely cultivated in China, Japan and 
France (O’Sullivan, 2010). Among them the lesser yam after white yam and water yam ranks 
third in production and utilization (Martin and Sadik., 1974). Although the major cultivated 
species are Dioscorea alat, D. cayenenis and D. rotundata, and the seven others are minor 
yams (Lebot, 2009).  
 
1. 2. 1 Morphological description of lesser yam 
Lesser yam belongs to the family Dioscoreacea and the Dioscorea genus. The lesser 
yam is widely distributed throughout Tropical world, but it is little known or used except in 
southeastern Asia. From the 2nd to 11th century it was an important stable food in southern 
China. However, this species distributed from India through Southeast Asia to the islands of 
the Pacific. It is common to many islands of the south pacific and recently introduced to 
eastern side. In Japan, cultivation of lesser yam is observed throughout the Okinawa 
prefecture and it is thought to have originated from southern China or Taiwan. 
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The lesser yam is hardy and high yielding, it has thorny and climbing vine, reach to 
about three meters height. The leaves are slightly rugose and finely pubescent. Male and 
female flowers are usually small on separate plants and usually inconspicuous. The inferior 
ovary may become quite prominent after fertilization. The length of stolons is about 5 to 50 
centimeters. Each stolons produce only one terminal tuber which are quite small compared to 
other species, and about 4 to 20 per plant. Number of tuber per plant is related to variety and 
plants growth (Martin and Sadik., 1974). The leaves, size and density of spines vary and 
depending on genotypes. According to Lebot, (2009) leaves are cordate, simple, smooth, 
alternate, leathery and shiny texture and a light to dark green colour. Small hairs covered the 
emerging leaves and show a light brown pigmentation. The mail flowers are borne on 10-15 
cm long spikes and female flowers are, so far, unknown. The tuber flesh colour is varies from 
pure white to a deep purple. However, the morphological variation of lesser yam compared 
to other major cultivated species is limited. The dormancy period is rather short, and 
depending on the temperature. Tubers start to sprout after 1-2 months in storage.  
 
1. 3 Yams growth cycle 
Transfer of nutrients from tuber to stems and leaves, from the beginning of plant’s 
development and the reverse direction at the end of the cycle is described as growth cycle. 
The growth cycle can be divided in to five distinct phases, such as tuber germination, foliage 
development, tuber bulking, foliage senescence and dormancy. However, it can be vary by 
growing conditions, species and genotype of yams. 
Tuber germination can be happen by cell masses differentiation within the cambium 
or from a bud. The buds which constitute the basal nodal complex develop within a few days. 
The root, shoot, tubers and bulbils emerge from the meristematic region of the buds. True 
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leave does not come out form the initial stem which emerging from the corm or primary 
nodal complex. But soon after producing one or two cataphylls, the stems sprout and the root 
systems develop rapidly with vigorous growth and ramification. Since, there is almost no 
photosynthesis in this phase, development of plants depends on tuber for nutrient and 
moisture. 
The second phase (foliage development) start by a very raped and massive increase 
in leaf area, and plant reaches to self sufficiency.  Foliage development continued with 
stems elongation, increasing number of stem, brunches and an increase in leaf initiation. In 
this phase the stem growth is rapid, but reduction of root development observed after 12-14 
weeks after planting (WAP). Tuber initiation and carbohydrate accumulation occurs at the 
end of this phase which is between 10-12 weeks. 
In The 3
rd
 phase which is tuber bulking start by nutrient translocation from canopy to 
the tuber, and the leaf area is larger. Proliferation of new cells and their enlargement is the 
cause to increase the size of tubers. 
In general, the foliar senescence occurs 7 months after planting with the suberization 
of tuber’s surface. However, this phase can be finished at the time of completely drying the 
stems of the leaves and maturation of the tubers. Tuber maturation is corresponds to the end 
of photosynthate translocation. 
Harvested mature tuber enters to the dormancy phase and cannot sprout. Dormancy 
period is varying from less than one month to five months. And also, temperature influenced 
on the period of dormancy. The optimum temperature for sprouting ranged between 25 - 
30ºC and delayed at the temperature less than 15ºC and above 35ºC. Tuber itself, 
endogeneously supplies the needed moisture for sprouting. The end of dormancy is 
corresponds to the appearance of small protuberances under the skin layer (Lebot, 2009).         
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1. 4 Production and utilization 
Yams are an important crop around the world, especially in West Africa, where yams 
are highly regarded food products that are closely integrated into social, cultural, economic, 
and religious aspects of life (Orkwor, 1998). But cassava, wheat and maize are more produce 
then Yams in Africa (FAOSTAT) (Figure 2). The total world yam production is about 68 
million tones, and about 96 per cent of this product comes from Africa (Figure 3). Nigeria 
produces about 50 % of this output.  However, Nigeria is the largest yams producer 
followed by Ghana and Ivory Coast (Figure 4). Despite to increasing yams demand, 
cultivation of yams in Japan has gradually decreased (FAOSTAT) (Figure 5). The countries 
(Nigeria, Ghana, Ivory Coast and Benin) produce 90 per cent of world production with more 
than 45 million t per year (Lebot, 2009). 
Yams together with cassava, sweet potato and taro are rich in starch and thus energy 
tubers provide a staple food for the populations in tropical regions (Brunnscheiler et al., 
2004). Yam is considered to be the most nutritious of the tropical root crops (Wanasundera 
and Ravindran., 1994). Harvested tuber can be stored 4 - 6 months in ambient tropical 
condition without significant deterioration of their nutritional properties. Dried tuber often 
milled into flour for reconstituting as stiff paste (fufu), and it is highly appreciated in West 
Africa (Lebot, 2009). However, in West Africa, yam is mostly consumed in the form of 
boiled tubers and pounded yam (Brunnscheiler et al., 2004). In Nigeria which is the largest 
yam producer country, yams are processed into different food types such as roasted yam, 
pounded yam, mashed yam, boiled yam, fried yam slices and yam balls, yam chips and 
flakes(Orkwor, 1998).   
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Figure 2. Production Quantities of Cassava, Yams, Potatoes, Sweet potatoes, Wheat, 
Maize and Rice in Africa (average 2005-2014). 
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1. 5 Yams cultivation 
Yams are sensitive to shade and require well exposed to solar radiation sites with 
well drained, light and friable soil. As the loamy or loose clay soil are preferable for the 
lesser yam growth, but very poorly grow in sandy soil and the tuber are misshapen when 
grow in heavy clay (Martin and Sadik., 1974). The Optimum temperature at the maximum 
growth period of yam is 25 - 30ºC between 14 and 20 weeks after planting.  
High labour requirement is the most important constraints for the yam production. 
Land preparation is an important input and necessitates for the yam production. Land 
preparation occurs during dry period in most of the countries, and it is corresponds to cool 
season and dormancy of tubers. The mounds (hills) are 0.5-1.2 meter high and 0.30 meter 
pits depth. Ridges are also used but not as frequently as mounds are using. The ridges wide 
can be 1-1.5 meter with the height of 0.5 meter. The yield of yam is higher in large hills than 
small hill. However, depth of the pits and size of the hill are depends on the species and 
characteristics of the soil, respectively. As the lesser yam require less depth than elongated 
varieties of water yam (Lebot, 2009). According to (Martin and Sadik., 1974) the yams 
planting in individual hills or high ridges, increase the soil aeration and provide drainage as 
well as easier harvest then flat ground. 
Yams tubers are using to replant and regenerate the plant. The seed weight is 
considerable, and an average of individual seed sett weight is 100-500g and about 10000 
plants ha
-1
. Tuber yield influenced by a range of physiological and environmental factors. 
However, the size of seed tuber has a great effect on the tubers yield. The heavier initial sett 
can be produced higher yield. For production of higher yields, good plant material, 
husbandry and weed control is required. The quality of the planting material depends on the 
way of handling during its dormancy. The lesser yam produces a large number of individual 
tubers, which are ideal propagules for the next crop and easy to handle, store and replant as 
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full tubers (Lebot, 2009). 
In general yams are planted by hand at regular spacing on the ridges or one plant per 
mound. Although, Joachim et al. (2003) reported mechanical planting of yams are using 
rarely but has been developed for the planting of some species such as D. opposita in france, 
D. alata and D.cayenensis-rotundata in Guadeloupe (Lebot, 2009).  About 10000 and 
20000 plants ha
-1
 can be planted on the mounds and ridge, respectively. The sett depth is 
depending on the size of seed tuber. However the sprout should be covered gently with 5 - 10 
cm loose soil (Lebot, 2009).  
 
1. 6 Fertilizer application 
In general, yams have very high soil fertility demands. However, comparisons of 
studies on the effects of soil fertilization in yam production have been complicated by the use 
of many species/varieties, soil types, precipitation, and different agricultural and 
agro-ecological management practices in various reports. Application of NPK fertilizer 
during yam production is expected to improve yield under low fertility condition. But 
additional production costs result in higher prices in underdeveloped countries that often 
have to import fertilizer. Nitrogen fertilizers such as urea and ammonium sulfate are relatively 
cheaper than NPK fertilizers and are often used in yam crop systems. However, the most 
appropriate amounts of urea or ammonium sulfate to apply and the best timing for application 
have not clear in previous reports. Also, there have been no reports on the effectiveness of 
single applications of nitrogen fertilizer under fallow production systems with poor soil 
organic matter conditions. 
Application of fertilizer in lesser yam cultivation in Okinawa prefecture not well 
understood. While water yam cultivation in Japan is carried out with 2000 kg10a
-1
 of 
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compost and N: P: K fertilizer at a ratio of 30: 30: 30 kg10a
-1
 according to the water yam 
production and fertilization guidelines of Okinawa prefecture (Department of Agriculture, 
Forestry and Fishery, Okinawa prefecture, 2006). However, no fertilization guidelines are yet 
available for lesser yam, partly because production in Okinawa prefecture is not commercial, 
despite its importance in home gardens. 
Therefore, the experiments are aimed to find out the source of nitrogen in lesser yam 
and study on its effect for the growth and yield of yam plants in low-fertility soil. 
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Chapter two 
Efficiency of Chemical Fertilization for the Growth and Yield in Yams (Dioscorea spp) 
 
2.1. Introduction 
Yams (Dioscorea spp.) are an important crop around the world, especially in West 
Africa, where yams are highly regarded food products that are closely integrated into social, 
cultural, economic, and religious aspects of life (Orkwor, 1998). The ritual ceremonies and 
superstition surrounding yam cultivation and utilization are strong indications of the 
importance of this crop. Yams are widely grown in a range of soils under either improved or 
subsistence cultivation techniques (Ramirez et al., 2003; Diby et al., 2011). 
Many factors such as poor-quality planting material, low-yielding varieties or species, 
pests and diseases, and lack of fertilization have been implicated in low yam tuber yield. 
According to Kenyon (2006), yam yields are thought to be decreasing because of low soil 
fertility caused by shorter fallow periods and the use of more marginal land for yam 
production with increasing demands on agriculture to feed increasing human populations. 
Decreasing yam yields under continuous cultivation means that yam crops require a 
relatively high level of natural soil fertility (Carsky et al., 2010). Solutions to restore soil 
fertility and increase yam yields could include changes in cropping systems, use of organic 
or mineral fertilizers, and proper management of fertilizer regimes for sustainable and 
profitable commercial yam production. Application of complete NPK mineral fertilizer to 
soil for growing yams is effective and maintains adequate growth (Law-Ogbomo and 
Remison, 2008; Eze and Orkwor, 2010; Law-Ogbomo and Osaigbovo, 2014). Under 
declining soil fertility, application of organic fertilizer sustains tuber yield of yams (Noralyn 
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and Malab, 2013; Oshunsanya and Akinrinola, 2014; Hgaza et al., 2012). Cultivation of 
yams under organic farming practices has been recommended for sustainable yam 
production (Suja and Sreekumar, 2014). 
Application of organic fertilizers such as farmyard manure, compost, or bio-fertilizer can 
be necessary to maintain soil fertility in yam cropping systems. However, yam is an expensive 
root crop to produce due to the high cost of labor for land preparation, planting, staking, 
weeding, harvesting, and transport to market (Ezeh, 1998). Thus, additional inputs and costs 
such as manure, compost, or fertilizers are difficult to introduce to yam-based cropping 
systems. So reduced fertilizer costs can benefit yam-maize cropping systems (Ibrahim et al., 
2011). 
Inadequate or excessive nitrogen fertilizer can be detrimental to a yam crop and can 
negatively affect yield. In addition, excessive nitrogen fertilizer can result in added expense, 
and can leach into and contaminate surface and ground water. Informed decisions that 
consider crop history and soil type are important factors in determining the proper amount of 
nitrogen fertilizer to apply to a yam production field. O’Sullivan and Ernest (2008) found 
decreased yam yields due to loss of soil fertility, and concluded that yams require high levels 
of nutrient for growth because nitrogen and potassium are largely extracted from the soil by 
the tubers. By contrast, Ajayi et al. (2006) studied the effect of fertilizer treatment on yam 
tuber yield in two types of soil in Nigeria and concluded that, in most cases and particularly 
for white guinea yam (D. rotundata; hereafter white yam), no clear or significant differences 
in tuber yield or dry matter content could be attributed to the fertilizer treatments. However, 
the highest mean yields differed with respect to location, confirming that the critical nutrient 
requirement for the crop was location or soil specific. 
The cultivation of yams in Japan is distributed throughout the all of the islands. The 
chinese yam (D. polystachya) and jinenjyo (D. japonica) originated China and Japan, 
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respectively. Jinenjyo is an important vegetable in Japanese food culture, and is produced on 
the main island, Honshu, and on Hokkaido, Japan. However, the tropical yams such as water 
yam (D. alata L.) and lesser yam (D. esculenta) that originated from Southeast Asia are 
grown on the southwestern islands of Kyushu and in the Okinawan archipelago (from 
24°00’N to 30°55’N, and from 122°45’E to 132°00’E in Kagoshima and Okinawa 
prefectures, hereafter referred to as the southwestern islands), which are regions of transition 
from subtropical to temperate climates. During yam cultivation in Japan, NPK fertilizer was 
applied to chinese yam, jinenjo, and water yam N:P:K fertilizer = 20:30:20, 40:35:40, or 
30:30:30 at a rate of 10 kg a
-1
 according to the yam production and fertilization guidelines of 
Hokkaido, Ibaraki, and Okinawa Prefectures (Department of Agriculture, Hokkaido 
Prefecture, 2010; Ibaraki Agriculture Institute, Ibaraki Prefecture, 2010; Department of 
Agriculture, Forestry and Fishery, Okinawa Prefecture, 2006). Generally, application of NPK 
fertilizer to the crop promotes better yield, but also increases production costs and causes 
higher prices in developing countries that have to import additional fertilizer. The 
effectiveness of NPK fertilizer application was unclear in tropical yams, and the yield of 
water yam tubers did not change under application of different quantities of NPK fertilizer 
(Shiwachi et al., 2015). Application of nitrogen fertilizer on fields for rice/yam crop rotation is 
necessary to sustain the yield of yam tubers (Kikuno et al., 2015). Because urea and ammonium 
sulfate are relatively cheaper than NPK compound fertilizer, application of these kinds of nitrogen 
fertilizers in yam production systems is often considered. Mavis Akom et al. (2015) studied the 
effect of biochar and inorganic fertilizer application on yam production in a forest agroecological 
zone in Ghana and observed no significant differences in soil parameters in response to the 
treatment, with exception of total N. Application of biochar and inorganic fertilizer also had no 
significant influence on the vegetative growth of yam, although dry matter production increased 
significantly with application of fertilizer. 
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The management of fertilizer application is a crucial issue for yam production in 
tropical regions and should be studied. However, comparisons of studies on the effects of soil 
fertilization in yam production have been complicated by the use of many species or varieties, 
soil types, precipitation, and different agricultural and agroecological management practices 
described in previous reports. 
Further, Shehu et al. (2010) reported more output through better using the land and 
improved seed yam, and also family labor, and fertilizer as the major factors that influence 
changes in yam yield. The present review summarizes the research literature on the effects of 
application of inorganic fertilizer, particularly nitrogen (hereafter, N) on sustainable cropping 
of yam. 
 
2.2 Response of yam growth to mineral fertilizer application 
Yam responds positively to fertilizer application in all locations summarized in the 
present review. However, there has been considerable inconsistency in this response due to 
variation in treatment regimes, including missing plant nutrients or complete nutrient profiles 
(FAO, 2005). 
Two field trials were conducted by Law-Ogbomo and Remison (2008) in Nigeria to 
determine the optimum fertilizer requirement for the yield and nutrient composition of white 
yam (cv. Obiaoturugo) in a forest ultisol location. Plant growth was evaluated at various 
stages under five levels of NPK fertilization at 0, 100, 200, 300 and 400 kg ha
-1
 at the 
percentage of 15:15:15 NPK. The plant growth measurements indicated that vine length, 
number of leaves per plant, leaf area index, total dry weight (t ha
-1
) and harvest index were 
greatest under fertilization with 400 kg ha
-1
 NPK at 16 weeks after planting (WAP), but that 
greater total dry weight at 24 WAP resulted from application of 100, 200, or 300 kg ha
-1 
NPK 
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(Table 1). NPK fertilizer application significantly increased tuber yield and the optimum rate 
of NPK application for production of white guinea yam in Nigeria was 300 kg ha
-1 
(Table 2). 
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Table 1. Effects of NPK fertilizer application on the growth of white guinea yam (D. 
rotundata poir) at 16 and 24 weeks after planting (WAP) 
Author 
NPK  
(kgha
-1
) 
16 WAP 24 WAP 
No. of leaves 
per plant 
Total dry weight 
(t ha
-1
) 
No. of leaves per 
plant 
Total dry weight 
(t ha
-1
) 
Law-Ogbomo 
and Remison 
(2008) 
0 350 1.29 541 6.15 
100 585 2.48 665 7.49 
200 573 2.34 832 8.28 
300 660 2.75 977 8.77 
400 1011 3.70 965 6.00 
Law-Ogbomo 
and Osaigbovo 
(2014) 
0 323 1.32 501 3.13 
100 - - - - 
200 475.83 1.9 748.00 7.58 
300 564.33 2.36 900.48 9.20 
400 - - - - 
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Table 2. Effects of different levels of NPK fertilizer at the ratio of (15:15:15) on yield of 
white guinea yam (D. rotundata poir) 
Author Tuber yield 
NPK levels (kg ha
-1
) 
0 100 200 300 400 
Law Ogbomo and 
Remison (2008) 
Tuber yield per plant 
(kg) 
1.18 1.86 2.02 2.41 1.72 
Relative tuber yield 1.00 1.68 1.81 2.16 1.53 
Law Ogbomo and 
Osaigbovo (2014) 
Tuber yield per plant 
(kg) 
1.04 1.77 1.91 2.18 1.16 
Relative tuber yield  1.00 1.90 2.03 2.42 1.32 
Law Ogbomo and Osaigbovo (2014): Relative tuber yield computed as yield in treated plots 
divided by yield in control. 
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In addition, Law-Ogbomo and Osaigbovo (2014) found significant effects of 
fertilizer application on the stand of white yam (cv. Obiaoturugo) and that the highest 
number of tubers was obtained under treatment with 300 kg NPK ha
-1
. In another paper, 
Law-Ogbomo and Remison (2009) reported the results of two field trials that were 
conducted in 2005 and 2006 to determine the optimum level of NPK for yield and nutrient 
composition of white guinea yam for a forest ultisol location. Various parameters were 
evaluated under five levels of NPK fertilizer, application of which significantly increased all 
of the measured parameters. The optimum level of NPK fertilizer for successful production 
of white yam was 300 kg ha
-1
 comprised of 45 kg N, 20.37 kg P, and 37.35 kg K) (Table 3). 
Obigbesan and Agboola (1978) studied the plant nutrient compositions of leaves, petioles, 
and tubers of three yam species. The highest plant nutrient concentrations were observed in 
water yam and the lowest in yellow guinea yam (D. cayenensis). The period of maximum 
demand for plant nutrients occurred from late June to early July in western Nigeria and 
dependence of yield on nutrient availability was demonstrated. 
Srivastava (2010) observed the effects of various combinations of fertilizers on white 
guinea yam and found that tuber biomass production increased compared to the control by 
about 23% under mineral fertilizer application, by about 16% under manure application, and 
around 10% with combined application of manure and mineral fertilizer. The positive 
response of yam tuber growth to fertilization was due to a prolonged vegetative growth phase 
leading to longer tuber growth duration. However, the increase in tuber biomass production 
was not significant. In that study, an application of 45 kg ha
-1
 N resulted in higher total 
biomass than did application of 30 kg ha
-1
 N. Francisco et al. (2015) examined the effect of 
N fertilizer on D. cayenensis ‘Da Costa’ by using two sources (ammonium sulfate and urea). 
Significant effect of N doses and interaction of sources on the mean mass, productivity of 
commercial tubers, N content of leaves and starch in the tubers and also the percentage of 
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tuber with symptoms of nematode infection were recorded. Maximum commercial tuber 
yield (19.7 and 14.9 t ha
-1
) was obtained from the plants which were treated with 130 and 
154.3 kg ha
-1
 N doses, using ammonium sulfate and urea, respectively. The higher level of 
foliar N 36.5 and 29.3 g ha
-1
 were observed at the dosage of 250 kg ha
-1
 by using urea and 
ammonium sulfate, respectively.  Doses of 114 and 116 kg ha
-1
 N of ammonium sulfate and 
urea, produced maximum starch contents (25.7 and 28.3 %), respectively.  
Diby et al. (2004) found differences in the mean yields of two species of yam under 
two levels of fertilizers at savannah and forest sites. Fertilization had no effect on yield of 
water yam at the forest site, but did increase yield significantly at the savanna site. At the 
forest site, slight or even negative responses were observed. Fertilizer application enhanced 
the yield of white guinea yam only at the savannah site, while lower yields were obtained at 
the forest site (Table 3). 
Diby et al. (2009) studied the effect of natural soil fertility and inorganic fertilizer 
application on the productivity of water yam and white guinea yam at a savanna site (poor 
soil condition) and forest site (naturally fertile soil). Application of inorganic fertilizer (N, P, 
K, and Ca) to white guinea yam and water yam had no effect on fresh tuber yield but did 
significantly increase shoot growth at an experiment in Côte d'Ivoire. The growth of yams 
with addition of NPK mineral fertilizer was influenced by initial soil fertility. However, the 
results showed the importance of soil organic matter in the productivity of yams, as the use 
of inorganic fertilizers could not compensate for low organic matter content in soils.  
Moreover, Oshunsanya and Akinrinola (2014) found at the teaching and research 
farm of the university of Ibadan in Nigeria that a higher rate of organo-mineral fertilizer 
application ranging from 2.0 to 3.0 Mg ha
-1
 significantly influenced vine growth, average 
tuber weights, and tuber yield, and that all rates of organo-mineral fertilizer had positive 
effects on white yam (cv. TDr 219-04). 
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Noralyn and Beatriz (2013) reported that lesser yam (Tugui) could be grown without 
inorganic inputs, which limits their potentially hazardous effects on human and animal life 
and the environment. Although inorganic fertilizers can promote higher yields, in their study, 
yields under inorganic fertilization did not significantly differ from yields obtained with 
organic fertilization or from controls without fertilizer. 
Hgaza et al. (2010) observed that fertilization significantly increased leaf area index 
(LAI) at the maximum growth period at 160 days after planting (DAP) in 2006. But the 
average LAI in fertilized treatment in 2007 (LAI = 5) was not significantly differed from that 
in the non-fertilized treatment in 2007 (LAI = 3) and also did not significantly differed with 
the treatment without fertilizer in 2006 (LAI=5). The effect of fertilization and year on total 
plant dry matter production was evaluated from the maximum growth stage (160 DAP) to 
harvest at 220 DAP. During this period, total plant production in the fertilized treatment was 
significantly higher than in non-fertilized treatment in both years. Fresh tuber yield was 
significantly higher under fertilization in both years, but yield in 2007 (43 t ha
-1
) was higher 
than in 2006 (34 t ha
-1
). Without fertilization, fresh tuber yield (24 t ha
-1
) and the leaf area 
index were similar between years. Ayoola and Makinde (2007) also found that cassava 
(Manihot esculenta) yields were statistically similar under inorganic and organic fertilizer 
treatments. 
Adegbenro et al. (2013) observed a significantly higher percentage of N in white 
yam leaves when fields were treated with 90, 50, or 75 kg ha
-1
 of N, P, and K fertilizer 
compared to control. But there were no significant differences among the treatments in terms 
of tuber yield (Table 3). Application of 45, 25, and 37.5 kg ha
-1 
of N, P, and K fertilizer was 
sufficient to support adequate yield in the Derived Savannah location at Ogbomoso, Nigeria, 
as this would reduce production costs and environmental pollution. David et al. (2003) 
observed no influence in any of the parameters measured, at the 0 or 250 kg ha
-1
 K level with 
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addition of micronutrients and N in water yam (cv. Diamante) on a private farm in Guanica, 
Puerto Rico. Also, there were no significant effects of K at the high level of N except on 
number of tubers, which was greatest without application of K. Application of 125 kg ha
-1 
K 
and N addition, resulted in a reduced number of tubers. At 75 kg ha
-1
 N, the number of tubers, 
marketable yields, weight per tuber, and total yields tended to increase with increasing K 
level. The tuber weight of cv. ‘Diamante’ significantly increased upon application of 
micronutrients. The marketable and total yield of white yam (cv. Gunea Negro) was also 
increased by application of micronutrients together with N addition and medium K levels 
(125 kg ha
-1
). Greater total yields and SPAD values were observed in treatments with 75 kg 
ha
-1
 N and no addition of K. However, the results suggested that good seed quality, foliar 
applications of micronutrients, and moderate rates of nitrogen and potassium application 
could achieve adequate yam yield in the semi-arid southern zone of Puerto Rico. 
Thus, the effect of mineral fertilizer application on yam yield differs according to 
yam or other crop species, variety, location, soil type, and agro-ecology. 
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Table 3. Effect of fertilizer on the yield of water yam (D. alata) and white guinea yam (D. 
rotundata) cultivated at forest or savanna agro-ecological sites 
 
Yield tha
-1
 
Water yam  White yam  
References Site 
With 
fertilizer 
Without 
fertilizer 
With 
fertilizer 
Without 
fertilizer 
Diby et al. 
(2004) 
Forest 51.53 50.72 27.25 30.32 
Savanna 30.21 23.76 14.02 10.19 
Diby et al. 
(2011) 
Forest 35 28 15 13 
Savanna 29 17 11 8 
Hgaza
 
et al. 
(2012) 
Savanna 22.7 12.7 - - 
Savanna 26.8 11.9 - - 
Law-Ogbomo 
KE and 
Remison SU 
(2009) 
Forest - - 19.16 10.36 
Forest - - 19.57 10.40 
Adegbenro et 
al. (2013) 
Savanna - - 12.2 10.3 
Law Ogbomo KE and Remison SU (2009): Optimum dose 300(45 kg N + 20.37 kg P + 
37.35 kg K) NPK, in the years 2005 and 2006. 
Hgaza et al (2012): 80 kg N ha
-1
 in the form of NH4NO3. 
Adegbenro et al (2013): 45-25-37kg NPK ha
-1
. 
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2.3 Effect of nitrogen fertilizer on yam productivity 
Among the inorganic fertilizers, N is the most important nutrient for growth and 
yield in crops in general and is the most limiting nutrient for yam growth in a nutrient 
solution, as shown by Gaztambide and Cibes (1975). Enyi (1972) observed that in lesser yam, 
N and K application in combination with staking tended to increase the proportion of dry 
matter diverted into the tubers, and improved leaf-area development, because staking 
encouraged vine growth, which was closely related to leaf area. Staking and N application 
increased tuber number per plant, while K application increased the size of individual tubers. 
Koli (1973) found that N was the most important nutrient element for significantly 
increasing the yield of white guinea yam in the savanna zone. Application of 33.6 kg ha
-1
 N 
gave an average yield increase of 13.5% and 67.2 kg ha
-1
 N gave an average 22.1% yield 
increase. Greater N applications did not further increase yield. In addition, Njoku et al. 
(2015) observed, decreasing soil fertility, nutrient imbalances and inappropriate fertilizer 
application are the limiting factors of yam cultivation. Inorganic fertilizer (urea) with 46% N 
content was a better source of N than organic sources. N fertilization and cowpea residue 
significantly enhanced substantial long term benefits in fresh tuber yield of yam. However, 
the importance of N fertilization and its residual effect on D. rotundata was clearly reported 
in an ultisol in southeastern Nigeria. 
Issaka (2014) also recorded a similar observation for sweet potato. To obtain 
maximum sweet potato yields, N application of up to75 kg ha
-1
 is needed (Table 4). 
Moreover, Kpeglo et al. (1981) obtained the maximum yield of white yam from treatments 
at a rate of 45, 0, 30; 90, 25, 30 and 90, 50, 30 kg ha
-1
 NPK fertilizer. But minimal yield was 
observed in the treatment NPK fertilizer with at a rate of 0, 25, 60 kg ha
-1
 (Table 4). Kayode 
(1985) reported the optimum level of nitrogen for successful production of white yam was 
35 kg ha
-1 
in a forest Alfisol that had been under cultivation for at least two years. Moreover, 
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Rezaei et al. 2016 observed that lesser yam cv. E-2 responded positively to application of a 
single nitrogen fertilizer. Application of 30 kg 10a
-1
 N promoted growth and yield of lesser 
yam. The N fertilizer delayed tuber initiation and prolonged growing season. However, the 
tested lesser yam variety was able to grow in low fertile soils as the control plants were grow 
even without fertilizer application, although fertilization is necessary for stable tuber yield. 
Field experiments were conducted by Hgaza et al. (2012) in 2006 and 2007 by using 
15
N-labeled fertilizers (
15
NH4
15
NO3) to monitor N uptake and fertilizer-use efficiency in 
water yam. In both years, 80 kg N ha
-1
 was applied in the form of NH4NO3 with 1.24 atom 
percent excess of 
15
N. Mineral fertilizer application affected the total N uptake by plants. 
Maximum N uptake by plants of 280 and 190 kg ha
-1
 in the fertilized treatment, and 120 and 
70 kg ha
-1
 in the unfertilized treatment was observed at 160 DAP in 2006 and 2007, 
respectively. Fertilizer inputs increased dry matter production in leaves, vines, and tubers but 
not in roots. However, the application of mineral fertilizers increased total biomass 
production and tuber yield as well as N uptake from native soil organic matter (Table 3). The 
maximum 
15
N recoveries calculated from the sum of the 
15
N recovery measured at both 
application levels at 90 and 130 DAP were 46 and 23% in 2006 and 2007, respectively. 
Aduayi and Okpon (1980) evaluated the nutrient uptake of white yam grown 
consecutively for three growing seasons in the field and treated with one of six levels of 
nitrogen: 0, 40, 80, 120, 160, or 200 kg ha
-1
. Leaf samples were taken at four stages of 
growth: vegetative, tuber formation, tuber development, and tuber maturation. Increasing 
nitrogen fertilization consistently increased leaf-nitrate-N particularly at the vegetative stages 
of growth, while no consistent trend was established for leaf P relative to control. Leaf K 
increased under the low rate of nitrogen fertilization during tuber formation and maturation, 
whereas leaf Ca increased relative to control only at tuber maturation with higher rates of 
nitrogen fertilization. In addition, there was a marked increase in leaf Mg at all stages of 
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growth when N treatment was increased to 200 kg ha
-1
 and the highest tuber yield was 
observed with N treatment of 200 kg ha
-1
. In contrast, Takada et al. (in press) reported 
application of 30 kg 10a
-1
 N had no significant effect on the growth and yield of water yam 
except, greater SPAD value was recorded in the plants which were treated with N fertilizer. 
By measuring δ15N value, suggested that N treatment observed N from the urea but the 
nitrogen source of the control plants was not identified. However, the water yam cv. No.511 
can be grown in the poor soil with the contents of 8.8, 27.5, 74.9 and 32.2mgkg
-1
 P, K, Ca 
and Mg, respectively; the total nitrogen 0.06 and total carbon was 0.40% and its C/N was 
6.6. 
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Table 4. Effect of different nitrogen application rates on yield of sweet potato (Ipomoea 
batatas L) and white yam (D. rotundata) 
Author 
 N application rates (kg ha
-1
) 
 0 45 75 90 
Issaka et al. (2014) 
(Sweet potato) 
Tuber yield (t ha
-1
) 5.6 8.0 9.8 5.3 
Kpeglo et al. (1981) 
(White yam) 
Tuber yield (t ha
-1
) 31.11 42.65 - 42.95 
Issaka et al (2014): All treatments received 60 kg P2O5 ha
-1
 and 90 K2O ha
-1
. 
Kpeglo et al (1981): NPK; 0: 25: 60, 45: 0: 30 and 90: 25: 30. 
 
 
 
 
 
 
 
 
 29 
 
2.4 Nitrogen uptake efficiencies 
N is very mobile and can leach from the soil by irrigation and heavy rains. Thus, 
appropriate timing and adequate application of N is needed to avoid possible losses for yam 
successful production. However, few studies have reported the inherent N-uptake efficiency 
of yam, in contrast to well-recognized studies in cassava and sweet potato (Nweke et al., 
2002; Lebot, 2008). 
Diby et al. (2009) observed the average amounts of N extracted by tubers at harvest 
stage were 64 and 50 kg ha
-1 
at the forest and the savanna sites, respectively. The addition of 
fertilizer increased these values to 117 and 88 kg ha
-1 
respectively. 
Sobulo (1972) found no significant differences in dry matter yield of white guinea 
yam from plots fertilized with 0, 28, 56, 84, or 112 kg ha
-1
 of N and attributed this lack of 
response to the high level (0.06%) of total N already in the soil. 
Diby et al. (2011) studied water yam and white guinea yam at two sites with high or 
low soil fertility. Application of fertilizers with greater nutrient levels promoted yam growth 
in terms of shoot, root and tuber growth at the low-fertility savanna site. Water yam yield 
was improved in both soil types, but the effect in the low-fertility savanna soil was greater 
(Table 3). Water yam had lower leaf number, greater leaf area index, and longer duration of 
the leaves on the vine than did white yam. These traits enabled greater yield in water yam 
compared to white guinea yam. The nitrogen-use efficiencies and agronomic efficiency of N 
and K application described in this study highlighted the impacts of both N and K in 
promoting yield of yam. Although application of fertilizers enhanced yields, it reduced the 
nitrogen- and potassium-use efficiencies, and thus the agronomic efficiencies. The reduction 
in nutrient-use efficiency was greater for N in the forest soils and for K in the savanna soils. 
Diby et al. (2011) significantly higher shoot and tuber matter were obtained from D. 
alata camper to D. rotundata. The active N uptake from the soil and higher N content in the 
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plant observed at the early growth stage. But it has been decreased with the plant age. At 
harvest stage, greater total amount of N (229 kgha
-1
) was taken up by D. alata. While 70kg 
ha
-1
 N was taken up by D. rotundat. 94% of total amount of N accumulated in the tubers in 
both species. Therefore, a small amount of N and K returned back to the soil. However, D. 
alata was taken up significantly higher amount of nutrients camper to D. rotundata. Nutrient 
uptake and its partitioning in the plants organs depend on the species and nutrients. 
Suja (2001) found that higher rates of N nutrition promoted above-ground growth 
and enhanced the chlorophyll content of white guinea yam leaves. The response of tuber 
yield was also pronounced for application of up to 80 kg ha
-1
 of N. Higher rates of N 
fertilization increased dry matter and crude protein content and lowered crude fiber content 
in tubers. However, N supplementation at higher rates favored crop uptake of N, P, and K, 
and also enhanced the availability of N and K in the soil. 
 
2.5 Nitrogen deficiency symptoms in yam 
Yam responds positively to application additional N, whether from organic or 
inorganic fertilizers. Deficiency of N reduces in growth and yam yield. In some studies, 
higher rates of N application have been reported to reduce yam yield. Therefore, adequate 
rates of N fertilizer application are required to achieve normal growth and avoid N 
deficiency in yams. 
O’Sullivan and Rachel (2006) reported slow establishment of water yam plants (cv. 
“Mahoa”) and variable responses in solution cultures. The dry weights of vines were 
significantly reduced in all treatments with omitted nutrients, except for Fe and Mo, although 
there was significant reduction in total dry weight of vines under Mg deficiency only at (p < 
0.1). Four weeks after establishment, individual deficiencies in N, P, K, Ca, Mg, S, Fe, B, Mn, 
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Cu, Zn, or Mo were induced by omitting the relevant nutrient from the solution. However, 
only treatments deficient in N and Ca tended to increase yield and decrease shoot growth. 
Expectation was to nutritional stress promoted early initiation of tuber, while the treatment 
which was treated with nutrients may have had greater potential for tuber filling later in the 
season. 
Shiwachi et al. (2004) reported the visual symptoms of deficiencies of minor element 
on water yam evident after 20 days. And also on the white yam the symptoms of deficiency 
of major and some minor elements were evident after 20 and 30 days. The N-deficient 
treatment resulted in stunted plants with no increase in leaf number and yellowish leaves in 
water yam by 20 days. The response of white guinea yam to the omission of specified 
nutrients was slower than that of water yam. The N-deficient treatment caused stunted plants, 
no increase in the number of stems and yellowish leaves. Also, the omission of each nutrient 
element reduced the leaf content of that element (Table 5). Leaves of the control water yam 
had similar N, P, K, Ca, and Mg to those of the control white guinea yam. O’Sullivan and 
Ernest (2007) found that plants grew well with no signs of stress at 12 weeks when treated 
with all nutrients including (N, P, K, Ca, Mg, S, Fe, B, Mn, Zn, Cu and Mo). Here, too, 
nutrient omission treatments significantly reduced dry matter production in all treatments 
except for treatments deficient in Fe, Zn, Cu, or Mo (Table 5). 
Nitrogen-deficient plants had thin, generally unbranched vines bearing small, light 
green, soft textured leaves (O'Sullivan and Ernest, 2008). In the treatment without added N, 
small necrotic spots on an older leaf were observed. Tissue adjacent to veins was slightly 
greener on younger leaves, and older leaves developed small, irregularly shaped, red-brown 
lesions scattered in interveinal areas and most concentrated near the margins. Stems and 
petioles tended to turn red on mature parts of the vine in this cultivar. However, the author 
thought that lesser yam has either a relatively ability to remobilize macronutrients that are 
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usually mobile (such as N and P), or low sink strength at the vine tips. However, O’Sullivan 
et al., (1995) correction of nutrition problem needs appropriate measures which are 
depending on accurate diagnosis of the yield limiting disorder. The observed visible 
symptoms can be very informative of a crop’s nutrition status. The symptoms and its location 
on the plants help to identify the nutrient responsible. 
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Table 5. Percentage of N, P, K, Ca, and Mg in the leaves of water yam (D. alata), white yam 
(D. rotundata), and lesser yam (D. esculenta) 
 
 
 
 
 
 
 
 
References Treatment 
N P K Ca Mg 
(%) 
Water yam (Shiwachi
 
et al., 
2004) 
Control 3.67 0.3 6.03 3.88 0.48 
Minus N 0.98 0.25 5.75 2.04 0.43 
White yam (Shiwachi et al., 
2004) 
Control 3.44 0.41 7.23 5.09 0.61 
Minus N 1.22 0.24 5.16 2.97 0.57 
Lesser yam (O’Sullivan and 
Ernest, 2007) 
Control 2.23 0.26 2.46 1.03 0.17 
Minus N 1.19 0.24 2.94 1.27 0.15 
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2.6 Recommendations based on studies of nitrogen application in yam production 
Nitrogen is an important component of fertilizer used in yam cultivation but it is very 
mobile and leaches from the soil due to irrigation, heavy rains, and denitrification. Yams are 
exhibits relatively low N uptake from organic sources, inorganic N fertilizer is often required 
to substantially increase yam yields. However an adequate amount of N from inorganic and 
organic sources and appropriate timing of application are essential to sustain high yields of 
yams in continuous cultivation systems. Further experiments are needed to study the role of 
nitrogen for the growth of yam plants in low-fertility soil.  
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Chapter three 
Effect of Nitrogen Fertilizer on Growth of the Lesser Yam (Dioscorea esculenta L) 
 
3.1 Introduction 
Lesser yam (Dioscorea esculenta L.) is known to have originated in Southeast Asia 
and is now widely cultivated across southern and west Asia, as well as tropical to sub-tropic 
South Pacific regions (Degras 1993). Among food yams (Dioscorea spp.), tubers of the 
lesser yam are favored for their cooking quality; however, most are cultivated in home 
gardens rather than on a large scale (Martin, 1976). The water yam (D. alata L.) is also 
distributed within a similar region, and with its larger tubers is more widely cultivated as a 
cash crop in the Philippines and Taiwan (Shiwachi and Toyohara 2005). In Japan, cultivation 
of the lesser yam is observed throughout the Okinawa archipelago (N 26°00’ to 27°00’ E 
126°30’ to 128°30’, Okinawa prefecture), which experiences a subtropical climate. The 
history of lesser yam cultivation in Okinawa is not well understood, but is thought to have 
originated from southern China or Taiwan. Lesser yam became local vegetable given its local 
name of “ku-ga imo” at Okinawa. Recently, the high content of diosgenin in the tubers of 
ku-ga imo was reported by Ohnogi 2013. Diosgenin is a phytoestrogen (plant-based 
estrogen) that can be chemically converted into the hormone progesterone. Sapogenin, 
diosgenin, mucin, allantoin, choline, dopamine, and adenosine have also been identified in 
the tuber of some Dioscorea plants. The ku-ga imo variety therefore has potential in 
commercial health supplements. 
More than 100 yam germplasm accessions (including accessions of water yam, 
lesser yam, white Guinea yam (D. rotundata) and aerial yam (D. bulbifera)) are maintained 
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at the Miyako Subtropical Farm Station (Miyako Farm) of Tokyo University of Agriculture 
(TUA). Miyako Farm is located on the Miyako Islands, Okinawa Prefecture, Japan (N 
24°70’, E 125°28’). The climate is subtropical and has a mean annual temperature of 23.7 °C 
(Japan Meteorological Agency, 2014). Most yam germplasms at this station have been well 
maintained and are cultivated in a sugarcane–yam rotation. Water yam cultivation in Japan is 
carried out with 2000 kg10a
-1
 of compost and N: P: K fertilizer at a ratio of 30: 30: 30 
kg10a
-1
 according to the water yam production and fertilization guidelines of Okinawa 
prefecture (Department of Agriculture, Forestry and Fishery, Okinawa prefecture, 2006). 
However, no fertilization guidelines are yet available for lesser yam, partly because 
production in Okinawa prefecture is not commercial, despite its importance in home gardens. 
Thus, production of the ku-ga imo variety has yet to increase. 
Generally, root and tuber crops such as cassava, sweet potato, and yams are known to 
grow even in poor and low fertile soils. However, retaining yam yield under continuous 
cultivation requires a high level of natural soil fertility (Carsky et al., 2010). Solutions to 
restore soil fertility and increase yam yield include the introduction of a cropping system 
with use of organic or mineral fertilizers; sustainable and profitable commercial yam 
production requires proper fertilization management. NPK mineral fertilizer use was shown 
to be effective and maintain good growth in yams (Law-Ogbomo and Remison, 2008). 
Under declining soil fertility, application of organic fertilizer has been shown to sustain yam 
tuber yields (Noralyn and Malab, 2013; Oshunsanya and Akinrinola, 2014). Moreover, 
organic yam cultivation is recommended for sustainable production (Suja and Sreekumar, 
2014). However, the effectiveness of NPK fertilizer is not clearly understood, with the yield 
of water yam tubers remaining unchanged under different quantities of application (Shiwachi 
et al. 2015). Diby et al. (2009) further reported that growth of yams with NPK mineral 
fertilizer is influenced by soil fertility. However, few reports are available on the effect of 
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fertilization in lesser yams, with yield remaining unchanged in response to fertilizer application 
(Noralyn and Malab, 2013; Fox et al, 1980). Application of fertilizer in lesser yam 
cultivation in Okinawa prefecture is not well documented, and in most home gardens 
chemical (NPK) fertilizers are not used for cultivation of this crop. 
Growth under extremely poor organic matter and low nitrogen conditions is a 
potential experimental approach to determine the effectiveness of nitrogen fertilization in 
lesser yam. Nitrogen absorption and movement within the plant is known to be related to 
relative abundance measurements of N isotopes. N isotopes are strongly fractionated by a 
variety of chemical and physical processes, and therefore, common materials have variable 
isotope ratios. These ratios are used in biological tracer studies as the δ15N value (Coplen et 
al. 2002). This study aimed to examine the effect of nitrogen application on the growth of 
lesser yam based on comparative nitrogen application as measured by δ15N. 
 
3.2 Materials and Methods 
This study was conducted at TUA Miyako Farm in Miyako Islands, Japan, from 
April 2014 to January 2015 with two treatments 30kg10a
-1
 N fertilizer application and 
control (no fertilizers application). Lesser yam number E-2 maintained by TUA was used. 
The E-2 landrace was transferred from Kagoshima University to Okinawa Island. Whole 
yam tuber seed setts weighed about 30 g each; 35 seed setts were planted individually on 4th 
May in pots 40 cm in diameter and 41 cm deep with a capacity of 34 L and filled with 38 kg 
of subsoil. The subsoil was collected on Miyako Island and was free of organic matter. The 
EC, pH, and CEC of subsoil from randomly selected sub-pots was analyzed, and the quantity 
of potassium, calcium, magnesium, available P, total nitrogen (TN), total carbon (TC), and 
the carbon/nitrogen ratio (C/N) were also analyzed using inductively coupled plasma 
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spectroscopy (ICP; Shimadzu Co., Japan) and an NC analyzer (Sumigraph NC-22F, Sumica 
Chemical Analisis Service Lst.). Soil sampling was performed at the beginning of this 
experiment on 4
th
 May. The soil samples were air-dried and ground to pass through a 2-mm 
sieve for laboratory analysis. The items of measurement were analyzed using routine 
analysis methods according to a standard soil analysis manual (Anderson and Ingram., 1993). 
Soil samples were collected at 0, 60, 120, 180 and 240 days after planting (DAP). The soil 
was analyzed for observing its component and characteristics at 0 DAP. TN and TC were 
measured at 0, 60, 120, 180 and 240 DAP. And also, δ15N was measured at 0, 120, 180 and 
240 DAP.  
Tap water introduced from the public water purification plant of Miyako Island was 
used to water the plant materials. The quality of tap water in terms of the content of NO3-N, 
boron, zinc, copper, magnesium, and sodium was analyzed using inductively coupled plasma 
spectroscopy (ICP) and high performance liquid chromatography (Shimadzu Co., Japan). 
Two fertilization treatments were tested: no fertilizer application as a control (20 pots) and 
nitrogen fertilizer at 30kg10a
-1 
(15 pots).  
Urea was used as the nitrogen fertilizer; no compost manure was applied. Nitrogen 
fertilizer (N treatment) was applied 60 DAP on 3
rd
 July 2014. Pots containing seed setts and 
subsoil with different quantities of nitrogen were arranged randomly.  
Comparative pots of squash (Cucurbita moschata Duchesne ex Poir. cv. ‘Bigben 
kitora’) were used under the control and N treatment conditions (8 pots, respectively). 
Squash cv. ‘Bigben kitora’ was used for comparison with lesser yam and estimations of the 
nitrogen absorption mechanism according to a previous report (Yoneyama et al., 1998). 
Primary growth measurements were taken as the SPAD value, number of leaves, 
number of stems, number of branches, and length of stems at 60 DAP. Overall growth 
measurements as the SPAD value, number of leaves, stems and branches, lengths of stems 
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and branches, fresh and dry weights of aerial parts, dry weight of roots, water content (%), 
and fresh and dry weights of tubers were taken at 120 DAP (1
st
 September), 180 DAP (5
th
 
November), and 240 DAP (30
th
 December). Growth of squash was measured at 120 DAP. 
For each growth measurement, 5 fresh plant samples were randomly taken from each plot, 
and dried at 80 °C for 3 days. The SPAD values of 5 complete leaves (three points per leaf) 
taken from mid sections of each plant were measured using a chlorophyll gauge (Konica 
Minolta Co., Japan). 
The TN and TC of leaves, stems and tubers of lesser yam plants and the soil used for 
cultivation were analyzed using an NC analyzer (Sumigraph NC-22F, Sumica Chemical 
Analisis Service Lst.). Collected plant samples were dried at 80 °C for 3 days. After samples 
had dried, TN and TC were analyzed using routine analysis methods (Anderson and Ingram., 
1993). The TN and TC of leaves and stems of squash and the soil used for the cultivation 
were also analyzed.  
The natural abundance of stable nitrogen isotopes (δ15N) was measured in seed 
tubers, harvested tubers, leaves and soil; leaves were measured at 60, 120, 180 and 240 DAP, 
and soil before planting, and 120, 180, and 240 DAP. δ15N (‰) values of seeds and plants of 
squash were measured before seed sowing and at 120 DAP, respectively. Data of 3 samples 
were obtained. δ15N was measured by SI Science Co. using a Delta V™ Isotope Ratio Mass 
Spectrometer. IAEA-N-1 Ammonium Sulfate (δ15N AIR + 0.4‰) of the international 
standard was used to calibrate the equipment. δ15N level was calculated as  
 
R * = (R (sample) – R (standard sample)) /(R (standard sample) × 1000 (‰), 
 
where R is a ratio of 15N/14N. The δ15N level of atmospheric N2 was measured as a 
reference. 
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Figure 6. Layout of experiment in the green house at TUA, Miyako subtropical farm. 
 
        1       
   
2 4 9 11 15 16 8 18 
   
2 3 5 10 12 16 17 8 
 
Treatments Number of pots 
4 3 4 6 11 13 17 18 
 
Pumpkin control 8 
2 5 4 5 7 12 14 4 
 
Pumpkin 30kg/10a 8 
1 2 6 5 5 8 13 15 
 
First samloing (Yam) 5 
1 2 3 7 6 6 9 14 
 
Yam (control) 18 
1 1 3 3 8 7 7 10 
 
Yam 30 kg/10a 18 
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Figure 7. Used seed tubers for the experiment. 
 
 
 
 
 
 
 
 
 
 
Figure 8. Application of urea on surface of the ground in the pots at 3
rd
 July 2014 (60 DAP). 
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3.3 Results 
 
3.3.1 Physiochemical characters of soil and tap water used for cultivation 
The characteristics of the experimental subsoil are shown in Table 6. Mean soil 
values were pH: 5.1, EC: 0.1 µS∙cm-1, and CEC: 16.4 me, with 0.1% of TN, 0.5% of TC, a 
C/N ratio of 0.2 and 8.0 ‰ δ15N. P, K, Ca, and Mg contents were 4.0, 6.1, 53.7, and 
29.1mgkg
-1
, respectively. The subsoil exhibited low fertility. The characteristics of the tap 
water used are shown in Table7; mean values of NO3-N, B, Mg, and Na were 4.11, 0.02, 
5.57, and 19.94 mgl
-1
, respectively. Zn and Cu were not observed. The NO3-N content of the 
tap water was low in accordance with the standards of the World Health Organization. 
Characteristics of the urea used are shown in Table 8; the TN and δ15N were 46.7% and 
-2.8‰, respectively, and the urea level was low in terms of δ15N.  
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Table 6. Soil characteristics of the subsoil obtained at Miyako Subtropical Farm, Okinawa, 
Japan 
pH 
(H2O) 
EC 
(µScm
-1
) 
CEC 
(m.e) 
Total nitrogen 
(%) 
Total carbon 
(%) 
C/N 
5.1 (0.0) 0.1 (0.0) 16.4 (0.6) 0.1 (0.0) 0.5 (0.0) 0.2 (0.0) 
P  
(mgkg
-1
) 
K  
(mgkg
-1
) 
Ca  
(mgkg
-1
) 
Mg  
(mgkg
-1
) 
δ15N  
(‰)  
4.0 (0.1) 6.1 (0.1) 53.7 (2.3) 29.1 (0.1) 8.0 (0.01)  
(  ): values represent the mean followed by s.e. 
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Table 7. Characteristics of the tap water obtained at Miyako Subtropical Farm, Okinawa, 
Japan (mgl
-1
) 
NO3-N B Zn Cu Mg Na 
4.11 (0.42) 0.02 (0.00) 0.00 0.00 5.57 (0.38) 19.94 (10.30) 
(  ): values represent the mean followed by s.e. 
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               Table 8. Characteristics of the urea used in the experiment 
Total nitrogen 
(%) 
δ15N 
(‰)  
46.7 (2.2) – 2.8 
              (  ): values represent the mean followed by s.e. 
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3.3.2 Effect of nitrogen application on growth 
The effect of nitrogen application on growth of lesser yam is shown in Table 9. N 
treatment resulted in an increase in plant growth in terms of the number of leaves, total 
length of stems and dry weights of aerial parts at 120, 180, and 240 DAP. The number of 
main stems was the same at 120 DAP, but increased with N treatment at 180 and 240 DAP, 
respectively. The SPAD value of N-treated plants was higher that of the control plants, which 
had a yellowish leaf color. There were more tubers in control plants at 120 DAP, but under N 
treatment there were more at 180 and 240 DAP. The dry weight of tubers was greater in 
control plants at 120 DAP, similar between control and treated plants at 180 DAP then 
greater under N treatment at 240 DAP. The moisture content of the tubers was lower under N 
treatment at 180 DAP, and the same as the control at 240 DAP. N treatment had a positive 
effect on root development, with the dry weight of roots being greater than the control at all 
measurement times. 
The results on growth of squash are shown in Table 10. N treatment resulted in 
greater growth compared to the control in all growth parameters. Almost all control plants 
died within 120 days after seed sowing.  
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Table 9. Effect of nitrogen treatment on growth of lesser yam 
DAP and nitrogen 
treatment (N) 
Number 
of leaves 
Number of 
main stems 
Total length of 
vines (cm) 
SPAD value 
of leaves 
Dry weight of 
aerial parts (g) 
60 40.8 (2.7) 1.4 (0.2) 160.4 (25.5) 34.6 (0.7) 15.7 (0.9) 
120 
Control 137.4 
**
 2.2 
n.s.
 374.2 
**
 24.1 
**
 24.2 
**
 
N 407.6 3.4 1607.8 32.2 57.2 
180 
Control 177.2 
**
 2.4 
**
 393.2 
**
 20.2 
**
 22.8 
**
 
N 698.6 3.6 2042.9 36.6 70.9 
240 
Control 120.0 
**
 1.8 
**
 590.0 
**
 10.5 
**
 23.2 
**
 
N 617.8 3.4 2321.5 31.1 71.0 
DAP and nitrogen 
treatment (N) 
Number 
of tubers 
Dry weight 
of tubers (g) 
Moisture 
content of 
tubers (%) 
Dry weight 
of roots (g) 
Dry weight of 
underground 
parts (g) 
1)
 
60 0.6 (0.6) 0.0 - 9.0 (0.8) 9.1 (0.8) 
120 
Control 5.8 
*
 2.5 
*
 - 13.7 
*
 16.4 
n.s.
 
N 0.8 0.0 - 17.9 18.5 
180 
Control 7.0 
**
 14.4 
n.s.
 79.7 
*
 13.0 
*
 27.5 
n.s.
 
N 13.8 13.4 72.9 18.5 32.2 
240 
Control 6.6 
**
 33.5 
**
 72.5 
n.s.
 10.5 
*
 44.8 
**
 
N 17.2 77.2 71.8 15.5 94.5 
1): including stolon.  
(  ): values represent the mean followed by s.e. 
* and ** significant differences on the same sampling date at 5% and 1%, respectively, according to 
the t-test. 
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Table 10. Effect of nitrogen treatment on growth of squash at 120 days after seed sowing 
Treatment 
Dry weight of 
aerial parts (g) 
Dry weight of 
roots (g) 
Number of 
fruits 
SPAD value of 
leaves 
Control 1.6 
**
 1.1 
**
 0.4 
**
  20.9 
**
 
Nitrogen 10.7 2.5 3.2 34.3 
** significant differences on the same sampling date at 1% according to the t-test. 
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Figure 9. Growth differences between treatment 30Kg10a
-1
N and control at different interval 
of observation. 
A: Control (120 DAP), B: Control (180 DAP), C: Control (240 DAP), D: nitrogen treatment 
(120 DAP), E: nitrogen treatment (180 DAP) and F: nitrogen treatment (240 DAP). 
 
 
A B C 
D E F 
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Figure 10. Tubers growth differences at different intervals of observation. 
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3.3.3 The nitrogen content of tested plants and soils 
The TN content of the tested plants and soils is shown in Table 11. The TN of seed 
tubers was 1.04%, while that of leaves, stems, tubers and roots under N treatment of lesser 
yam were greater than the control. The TN of the control soil was smaller than that with N 
treatment at 180 DAP. The TN of leaves and stems of control squash plants was also lower 
than that under N treatment. Thus, TN was related to plant vigor in both lesser yam and 
squash.  
 
3.3.4 The natural abundance of δ15N in tested plants and soils 
The natural abundance of δ15N in tested plants and soils are shown in Table 12. The 
δ15N of seed tubers was 5.1‰, while that of the soil was higher. The δ15N value of the leaves 
of lesser yam under N treatment was lower at 120, 180, and 240 DAP compared to 60 DAP. 
However, that of control leaves tended to be stable at 60, 120, 180, and 240 DAP (4.9, 3.7, 
4.1, and 3.9, respectively). The δ15N of tubers was measured at 180 and 240 DAP, and was 
greater in control leaves compared to N treatment. The δ15N of the soils was similar at all 
measurement points, and did not differ between the control and N treatment. The δ15N of 
squash leaves under N treatment was lower than in the lesser yam.  
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Table 11. Total nitrogen content of lesser yam and soil (60, 120, 180, and 240 DAP), and 
squash (%) 
DAP and nitrogen 
treatment (N) 
Leaves Stems Tubers Roots Soil 
0 - - 1.04 (0.05)
1)
 - - 
60  1.86 (0.22) 0.69 (0.03) - 0.94 (0.05) 0.13 (0.01) 
120 
Control 1.27 
**
 0.39 
**
 - 0.71 
**
 0.09 
n.s.
 
N 3.04 1.44 - 1.20 0.11 
180 
Control 1.10 
**
 0.38 
**
 0.38 
**
 0.70 
**
 0.06 
**
 
N 2.73 1.38 1.58 1.27 0.11 
240 
Control 0.82 
**
 0.31 
**
 0.46
 **
 0.65 
**
 0.06 
*
 
N 1.88 0.73 1.34 1.08 0.08 
Squash
2)
  Control 2.18 
**
 1.55 
**
 - - 0.09
 n.s.
 
N 3.94 4.00 - - 0.11 
1): data of seed tubers. 
2): total nitrogen content of squash was only measured at 120 days after seed sowing. 
(  ): values represent the mean followed by s.e. 
* and ** significant differences on the same sampling date between the control and N 
treatment at 5% and 1%, respectively, according to the t-test. 
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Table 12. Natural abundance of δ15N in lesser yam and soil (60, 120, 180, and 240 DAP), 
and squash (‰) 
DAP and nitrogen treatment 
(N) 
Leaves  Tubers Soil 
0 - 5.1 (1.2)
1)
 8.0 (0.0) 
60  4.9 (0.2) - - 
120 
Control 3.7 
**
 - 7.8 
n.s.
 
N – 4.1 - 7.8 
180 
Control 4.1 
**
 3.0 
**
 7.8 
n.s.
 
N – 2.0 –1.5 8.1 
240 
Control 3.9 
**
 3.4 
**
 7.2
 n.s.
 
N – 0.1 1 .2 7.8 
Squash
2)
  
Control 3.0 
**
 - 7.6
 n.s.
 
N – 1.1 - 7.7 
1): data of seed tubers. 
2): the δ15N of squash was only measured at 120 days after seed sowing. 
(  ): values represent the mean followed by s.e. 
** significant differences on the same sampling date between the control and N treatment at 
1% according to the t-test. 
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3.4 Discussion 
This experiment was performed under low fertile soil conditions, with both the soil 
and tap water containing only low levels of nitrogen. As indicated by leaf SPAD values, 
lesser yam plants all grew well up until 60 DAP. The plants are therefore thought to have 
obtained nutrients from the seed tubers themselves. However, after urea (nitrogen) 
application at 60 DAP, all growth parameters in the N-treated plants were greater than in the 
control, in contradiction to the results of Noralyn and Malab (2013). Application of 
30kg10a
-1
 N was delayed tuber initiation and increased number of tuber per plant. And also, 
extended plant’s growth, which at harvest stage (240 DAP) was not reached to fully senesces. 
Similarly, Enyi (1972) reported staking and N application on lesser yam increased tuber 
number per plant while K application increased the size of individual tuber. While, 
Department of Agriculture, Forestry and Fishery, Okinawa prefecture (2006) recommended 
2000kg10a
-1
 compost and 30: 30: 30kg10a
-1
 N: P: K fertilizers for production of water yam. 
Kayode (1985) reported the optimum level of nitrogen successful production of white yam 
was 35 kgha
-1 
in a forest alfisol. 
The use of NPK fertilizer in yams had variable effects on fresh tuber yield in 
O'Sullivan and Ernest (2008); however, in the present study, a single application of nitrogen 
had a positive effect on tuber yield. This result suggests that nitrogen fertilizer application 
has a positive effect on growth and tuber yield in poor organic matter soil. 
Yellowish leaves in lesser yam were reported under minimum nitrogen application in 
O'Sullivan and Ernest (2007). Here, yellowish leaves were observed in the control plants 
from 120 DAP, along with low SPAD values and evidence of a low TN content (Table 11). 
The SPAD value is thought to be related to chlorophyll content, suggesting that leaves of the 
control plants had low chlorophyll content. Nevertheless, control plants were grown until 
240 DAP, possibly aided by the small level of NO3-N in the tap water. However, no N treated 
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squash plants died before 120 DAP. Squash is difficult to grow under low-nitrogen 
conditions. Cassava and sweet potato, however, are known to grow even in poor and low 
fertile soil conditions, suggesting that the tested lesser yam variety is also able to grow in low 
fertile soils, although fertilization is necessary for stable tuber yield. 
N isotopes are strongly fractionated by a variety of chemical and physical processes, 
resulting in variable isotope ratios in common materials. The δ15N of soil did not differ 
between the control and N treatment throughout the entire experiment (Table 12), suggesting 
that the δ15N of the soil was stable. Negative δ15N values in the leaves of N treated lesser 
yam were possibly affected by the application of urea (Table 8), while the seed tubers 
themselves probably affected the δ15N values of control leaves and tubers. The soil probably 
had little effect because of the large difference in δ15N values. The nitrogen absorption 
phenomenon in plants can be used to explain the changing δ15N values. Application of 
chemical nitrogen fertilizer (urea) was effective in promoting growth of lesser yam, allowing 
it to survive under limited nitrogen conditions, unlike squash, which died under similar 
conditions. However, the source of nutrition of lesser yam growth was not identified in this 
study. 
Sweet potato is able to grow under limited nitrogen conditions as a result of 
nitrogen-fixing endophytes, which are associated with plant growth (Terakado-Tonooka et 
al., 2013). When nitrogen-fixing bacteria are associated with a plant, δ15N values will be 
similar to that of the surrounding air. The role of these endophytes on growth can be 
estimated by comparing δ15N values (Yoneyama et al., 1998). In fact, the δ15N values of 
sweet potato (cv. Benikomachi and Beniazuma) plants that associated nitrogen-fixing 
endophytes have became small with plant growth (Yonebayashi et al., 2014). The changing 
δ15N value with time in lesser yam was showed similar results. The squash does not have 
nitrogen-fixing capacity. When nitrogen-fixing bacteria are associated with a plant, δ15N 
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values will be similar to that of the surrounding air; squash does not have this capacity. Thus, 
the growth comparisons of lesser yam and squash suggest that the lesser yam plants are 
absorbing nitrogen, although this requires further clarification. Observations of the role of 
nitrogen-fixing endophytes in growth of lesser yam therefore were done in chapter four 
discussed. 
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Chapter four 
Nitrogen-fixing Endophytic Bacteria is involved with the Lesser Yam (Dioscorea 
esculenta L.) Growth under Low Fertile Soil Condition 
 
4.1 Introduction 
Lesser yam (Dioscorea esculenta L.) is a high yielding, important edible species of 
the genus Dioscorea. Tubers are small in size, but large in number, resulting in a high overall 
yield per plant. For example, a yield of greater than 128tha
-1
 has been reported by 
Wijmeersch and Bule (1988). The lesser yam is an ancient crop of the Pacific Islands (Lebot, 
2009), having originated in Southeast Asia and Melanesia, but now distributed widely 
throughout tropical regions. Nevertheless, it is less widely cultivated than water yam and 
white guinea yam. 
Lesser yam is an important edible yam in Okinawa prefecture, Japan; however, 
production guidelines on, for example, fertilizer application remain unclear. In Japan, NPK 
fertilizer is applied to Chinese yam, jinenjo and water yam at a N: P: K ratio of 20: 30: 20, 
40: 35: 40 or 30: 30: 30 kg10a
-1
 according to the yam production and fertilization guidelines 
of Hokkaido, Ibaraki, and Okinawa Prefectures (Department of Agriculture, Hokkaido 
Prefecture, 2010; Ibaraki Agriculture Institute, Ibaraki Prefecture, 2010; Department of 
Agriculture, Forestry and Fishery, Okinawa Prefecture, 2006). Application of fertilizer in 
yam is very complicated and depends upon the species/variety, soil type, precipitation, and 
agricultural and agro ecological management practices. When determining optimal levels of 
nitrogen and manure fertilization in yam-producing fields, important factors such as crop 
history and soil type should therefore be considered. Yams respond positively to fertilizer 
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application and under continuous cultivation require a high level of natural soil fertility to 
retain yield (Carsky et al., 2010). In order to restore soil fertility and increase yam yield, 
introduction of a cropping system and use of organic or mineral fertilizers is sometimes 
necessary. Hgaza et al. (2012) reported that the mean causes of yam yield decline were poor 
soil fertility and high N demand during plant growth, while application of organic fertilizer 
was found to maintain tuber yield under declining soil fertility (Oshunsanya and Akinrinola, 
2014). However, water yam yield showed no significant differences under different 
quantities of NPK fertilizer, and therefore, the effectiveness of NPK remains unclear 
(Shiwachi et al., 2015). 
Lesser yam can be grown without inorganic input (Noralyn and Malab, 2013), with 
yields under inorganic fertilizer showing no significant differences with yield under organic 
fertilization and no fertilizer, respectively. Under low fertile soil conditions, N-treated water 
yam plants were found to absorb N from the urea; however, nitrogen source in control plants 
(no N application) were not identified Takada et al. (in press). The nitrogen absorption 
phenomenon in plants can be used to explain changing stable nitrogen isotope (δ15N) values, 
which in water yam suggests fixing of atmospheric nitrogen. In our previous experiment, 
comparisons of lesser yam and squash revealed that lesser yam plants were able to grow in 
extremely poor soil conditions (Rezaei et al., 2016), while squash plants, which are unable to 
fix atmospheric nitrogen, died under similar conditions. These findings suggest that lesser 
yam plants absorb nitrogen. Sweet potato is able to grow under limited nitrogen conditions 
as a result of nitrogen-fixing endophytes associated with plant growth (Terakado-Tonooka et 
al., 2013). It is therefore possible that there are similar endophytes associated with lesser 
yam.  
Therefore, the objective of this study was to determine the source of nitrogen in 
lesser yams using measurements of δ15N, and compare the effect of urea fertilizer and cow 
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manure on growth with the aim of determining the existence of nitrogen-fixing bacteria. For 
this purpose, an acetylene reduction activity test and phylogenetic analysis of 16S rRNA 
gene sequences were carried out. 
 
4.2 Materials and Methods 
 
4.2.1 Experiment 1: Effect of different nitrogen sources on lesser yam growth 
Experiment 1 was conducted during the yam growing season under greenhouse 
conditions at Tokyo University of Agriculture (TUA), Miyako Subtropical Farm, Miyako 
Island, Okinawa, Japan (N 24°70’, E 125°28’) from April 2015 to January 2016. The 
experimental design was a complete randomized design with three repetitions per the 
following treatment: 30 kg10a
-1
 nitrogen (N treatment), 2000 kg10a
-1
 cow manure (CM 
treatment) and no fertilizer application (control). Lesser yam number E-2 maintained by 
TUA was used, as in a previous experiment (chapter three). The experiment was started on 
28th April 2015. Free organic subsoil was collected from Miyako Island and sieved with a 19 
mm soil-sieving machine. Pots with a capacity of 34 liter, 40 cm in diameter and 41 cm deep 
were filled with 38 kg subsoil for use in this experiment. A total of 55 whole yam tuber seed 
setts weighing about 21 g each were then planted individually. Under CM treatment, cow 
manure at a rate of 2000 kg10a
-1
 was mixed with the subsoil in individual pots before 
planting. The cow manure, which was supplied by Hatakubo farm, Kagoshima Prefecture, 
consisted of 2.1% nitrogen (N), 2.7% phosphorus (P), 3.3% potassium (K) and 14.8% 
carbon (C). Soil samples were collected at 0, 60, 120, 180 and 240 days after planting (DAP) 
from randomly selected pots and the characteristics of the samples examined. Soil samples 
collected in plastic bags then the samples were air-dried by putting it out in a shallow tray. 
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After separating gravel and roots the sample were crushed. The grinded samples ground to 
pass through a 2-mm sieve for laboratory analysis. 
Electrical conductivity (EC), pH, K, calcium, magnesium, available P, total nitrogen 
(TN), total carbon (TC) and the carbon/nitrogen ratio (C/N) were examined. The samples 
were analyzed using inductively coupled plasma spectroscopy (ICP; Shimadzu Co., Japan) 
and NC analyzer (Sumigraph NC-22F, Sumica Chemical Analysis Service Ltd.). Items were 
analyzed according to routine methods with reference to a standard soil analysis manual 
(Anderson and Ingram, 1993). 
For determination of K, Ca and Mg, 25ml 1M CH3COONH4 added to 2 g air drying 
fine soil in 100 ml tubes, and were shacked for one hour. Samples were centrifuged for three 
minutes (3000 round/min) then supernatant is transferred in 100 ml conical flask. Put 23 ml of 
leachate in 100 ml tubes and determined the concentrations of K, Ca, and Mg. Standards solutions 
were prepared for control of Mg, K, and Ca concentrations in the leachate. 
For measuring Electrical conductivity (EC) and pH, 50 ml pure water added to 5 g 
soil then shaked for one hour. Leaved to stand for 30 minute and again shaked for 2 minute 
and measured the pH of the supernatant liquid by immersing the electrode of pH meter 
(HORIBA Co. D-51, Japan). The samples allowed to settle for one hour and measured the 
electrical conductivity (EC) of the supernatant liquid. 20 mg soil from each sample and 2mg 
Acetanilide (two samples) were used for NC analysis. 
Under N treatment, urea was used as the nitrogen fertilizer and applied 60 DAP on 
28th June, 2015. Pots were arranged randomly as follows: N treatment, 15 pots; 2000kg10a
-1
 
CM, 20 pots; and Control, 20 pots. 
Plants were watered with tap water from the public water purification plant on 
Miyako Island at approximately 8-day intervals. The quality of the tap water in terms NO3-N, 
boron, zinc, copper, magnesium, and sodium contents was analyzed using ICP and high 
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performance liquid chromatography (Shimadzu Co., Japan). 
The following growth parameters were examined: the SPAD value, number of leaves, 
length of vines, dry weight of aerial parts, tubers and roots. Values were recorded at 60-day 
intervals as follows: at 60 DAP (28th June), 120 DAP (27th August), 180 DAP (26th 
October) and 240 DAP (25th December) for all parameters except dry tuber weights which 
were determined at 120, 180 and 240 DAP since no tubers were observed at 60 DAP. Five 
plants were selected randomly from each treatment for sampling. SPAD values of five 
complete leaves (three points per leaf) taken from mid sections of each plant were measured 
using a chlorophyll gauge (Konica Minolta Co., Japan). The number of leaves number of 
tuber and length of vines were recorded after collecting plants and the dry weights of aerial 
parts, tubers and roots were sampled after drying for three days at 80 °C. The collected data 
were analyzed by Tukey’s multiple comparison test. 
The natural abundance of δ15N was measured in seed tubers, harvested tubers, leaves, 
soil, urea and cow manure. δ15N (‰) values of seed tubers, cow manure and urea were 
measured before the experiment, leaves, at 60, 120, 180 and 240 DAP, and tubers at 180 and 
240 DAP. δ15N (‰) values of the soil were measured at 0, 60, 120, 180, and 240 DAP. Three 
samples were collected for δ15N analysis at each time point and measured using a Delta V™ 
Isotope Ratio Mass Spectrometer. IAEA-N-1 Ammonium Sulfate (δ15N AIR + 0.4‰) as an 
international standard was used to calibrate the equipment, and resulting δ15N levels were 
calculated as follows:  
R * = (R (sample) – R (standard sample)) / (R (standard sample) × 1000 (‰), 
where R is the ratio of 15N / 14N. The δ15N level of atmospheric N2 was used as a 
reference. 
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N12 C7 C18 C17 M6 M11 N2 C3 M22 
  
 
C15 N7 M8 M1 C16 N6 C21 M10 N13 
 
M12 C5 N3 N4 M14 N5 M13 C19 C9 
 
C22 N16 M18 M7 C8 C4 M15 N10 M19 
 
Treatments Number of pots 
N1 M3 C2 M9 C10 M20 C23 C6 M21 
 
Control 23 
M5 C14 N15 C13 M17 C11 N17 M4 N9 
 
Cow manure 22 
C1 N14 N11 M16 N8 M2 C12 C20 
  
Nitrogen 17 
Figure 11. Layout of experiment in the green house at TUA , Miyako subtropical farm. 
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4.2.2 Experiment 2: Isolation of nitrogen-fixing endophytic bacteria 
 
4.2.2.1 Sample collection 
 Three control plants (here in after plants 1, 2 and 3) were harvested and divided into 
stems and roots at 120 DAP on 27th August 2015 (after use in experiment 1). Samples were 
washed thoroughly with tap water to remove soil and rinsed with sterilized water. 
 
4.2.2.2 Bacterial isolation 
Stem and root samples were cut into 3–5 g samples, washed with 0.05% sodium 
dodecyl sulfate (SDS) then rinsed in 70% ethanol for 30 seconds and washed five times with 
sterile water. Three grams of fresh material was then cut into less than 1-mm pieces with 
sterilized scissors. Stem and root samples weighing 0.1 g were then placed in 40-ml test 
tubes with 0.2% SMM-N medium (modified from the SM-N medium reported by 
Reinhold-Hurek et al., (2006)) containing (l
-1
) 2.5 g DL-malic acid disodium salt, 2.5 g 
pyruvic acid sodium salt, 2.5 g fumaric acid, 0.6 g KH2PO4, 0.4 g K2HPO4, 0.2 g MgSO4 
7H2O, 0.02 g CaCl2 2H2O, 0.01 g MnSO4-2H2O, 0.002 g Na2MoO4 2H2O and 0.066 g Fe 
(III) EDTA with 2 g agarose (for semi-solid medium) or 20 g gellan gum (for solid medium). 
The pH of the solution was adjusted to 6.8 and the test tubes stopped with silicon plugs. Five 
test tubes were sampled per plant and incubated at room temperature for 10 days. The silicon 
plugs were then replaced with W-shaped butyl rubber stoppers and acetylene injected into 
the headspace of the test tubes at a final concentration of approximately 10%. The tubes were 
then incubated for a further 24 h at 30°C and the amount of ethylene in the headspace 
quantified by injecting 1 ml of sample into a gas chromatograph (GC-8A; Shimadzu, Japan) 
to test for acetylene reduction activity (ARA). Tubes showing high ARA values were then 
selected for endophytic bacteria isolation. Aliquots of 1 ml were homogenized from each 
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tube, serially diluted from 10
5
 to 10
8
 then 100 μl of each diluted liquid inoculated onto a petri 
dish with 4 ml solid SMM-N medium. A total of 30 colonies were randomly selected from 
each stem and root sample. 
 
4.2.2.3 Bacterial genomic DNA extraction 
The selected bacterial isolates were grown in solid SMM-N medium and incubated for 
14 days at 30 °C. After incubation, they were transplanted to a new petri dish containing fresh 
solid SMM-N medium and kept for 10 days at room temperature. Developed single colonies 
were then transplanted to test tubes containing semi-solid SMM-N medium and incubated for 
10 days prior to ARA analysis as indicated above. Confirmed colonies were transplanted to a 
0.2-ml test tube with 50 μl of sterile water and treated at 99 °C
 
for 10 min in a thermal cycler 
(Takara Bio Co., Japan). The heat-treated samples were then transferred to a 1.5 ml 
microcentrifuge tube and centrifuged at 8,000 rpm for 1 min using a centrifugal separator 
(Himac CT 13R, Hitachi Co., Japan) with 10-mins PCR amplification. 
 
4.2.2.4. PCR amplification and phylogenetic analysis of 16S rRNA gene sequence 
Universal primers pairs of 8F (5′-AGAGTTTGATCATGGCTCAG-3′) and 15R 
(5′-AAGGAGGTGATCCAACCGCA-3′) were used for amplification of 16S rRNA gene 
fragments. The first PCR reaction mixture contained 0.25 μl of 5U/μl Takara EX Taq (Takara 
Bio Co.), 5 μl of 10xEx Taq Buffer, 4 μl of dNTP Mixture, 1 μl of template DNA, 1 μl of 20 
pmolμl-1 8F, 1 μl of 20 pmolμl-1 15R and distilled water up to a total volume of 50 μl. PCR 
was performed as follows: initial denaturation at 95°C
 
for 3 min followed by 34 cycles of 
denaturation at 95°C
 
for 30 s, annealing at 55°C
 
for 30 s, extension at 72°C
 
for 90 s and final 
extension at 72°C
 
for 2 min. Samples were then stored at 4°C until analysis. PCR products 
were determined via electrophoresis on 1.5% agarose gel containing 2.25 g agarose, 3 ml 50 × 
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TAE, 7 μl EtBr solution and 150 ml sterile water and purified using Wizard® SV Gel and PCR 
Clean-Up System (Promega Co.) for PCR amplification. Primers used for sequencing were 
520R (5′-ACCGCGGCTGCTGGC-3′) and 907R (5′-CCG TCAATTCCTTTR-3′). PCR was 
performed using a PCT-0200 DNA Engine (BIO-RAD, Co.) containing 5–20 ng template 
DNA, 1.5 μl of 5 × BigDye Sequencing Buffer, 1 μl of BigDye® Terminator v3.1 Ready 
Reaction Mix, 0.5 μl of 1.6 pmolμl-1 of each primer and distilled water up to a total volume of 
10 μl. The PCR products were analyzed using a 310 Genetic Analyzer (Thermo Fisher 
Scientific), and the sequences determined via a homology search using EZ-taxon and 
Nucleotide BLAST.  
 
4.3 Results 
 
4.3.1 Physiochemical characters of the experimental soil and tap water  
Characteristics of the experimental subsoil are shown in Table 13. The results 
indicated low fertility and acidic soil of pH 5.1. EC was 3.8 ms/m and CEC 11.3 m.e, while 
mean values of Ca, K, Mg and P were 829.1, 43.8, 191.2 mgkg
-1
 and 17.9 mg100g
-1
, 
respectively, with 0.08% TN, 0.49% TC, 5.69 C/N and 7.72‰ δ15N. 
The characteristics of the tap water used in the experiments are shown in Table 14. 
The recorded data revealed a low NO3-N content in accordance with World Health 
Organization standards. Mean values of NO3-N, B, Mg and Na were 4.36, 0.01, 6.24 and 
75.66 mgl
-1
, respectively. No Cu or Zn was detected. Characteristics of the urea and cow 
manure fertilizers are shown in Table 15. δ15N values were – 0.6‰ and 14.96‰, respectively, 
and the differences were significantly different.  
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Table 13 Soil characteristics of the subsoil obtained from Miyako Subtropical Farm, 
Okinawa, Japan 
pH 
(H2O) 
EC 
(ms/m) 
CEC 
(m.e) 
Ca 
(mgkg
-1
) 
K 
(mgkg
-1
) 
Mg 
(mgkg
-1
) 
5.1 (0.1) 3.8 (0.1) 11.3 (0.4) 829.1 (25.9) 43.8 (1.3) 191.2 (1.3) 
P 
(mg100g
-1
) 
TN (%) TC (%) C/N δ15N (‰) 
 
17.9 (0.2) 0.08 (0.0) 0.49 (0.0) 5.69 (0.2) 7.72 (0.1) 
 
Note: values represent the mean followed by the s.e. 
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Table 14. Characteristics of the tap water obtained from Miyako Subtropical Farm, Okinawa, 
Japan (mgl
-1
) 
NO3-N B Zn Cu Mg Na 
4.36 (0.25) 0.01 (0.00) 0.00 0.00 6.24 (0.00) 75.66 (0.28) 
Note: values represent the mean followed by the s.e. 
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Table 15. δ15N values of the urea and cow manure used in this experiment 
Urea (‰) Cow Manure (‰) 
－0.60 (0.1) +14.96 (0.1) 
      Note: values represent the mean followed by the s.e. 
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4.3.2. Effect of different nitrogen sources on lesser yam growth 
The recorded growth parameters are presented in Table 16. There was a significant 
increase in the number of leaves and dry weight of aerial parts under CM and N treatment 
compared to the control; however, the number of leaves and dry weight of aerial parts in 
N-treated plants were the same as under CM treatment. The total length of the vines was the 
same under all treatments at 60 and 120 DAP; however, at 180 DAP the total length was 
highest under CM treatment and lowest in the control. There was no difference in the total 
length of vines between the CM and N treatments at 240 DAP; however, control plants had 
significantly shorter vines. Highest SPAD values were recorded under N treatment followed 
by CM treatment at 180 and 240 DAP. Lowest SPAD values were observed in the control, 
but there was no significant difference between the CM and N treatments. 
No differences in tuber number and dry weight of tubers were found at 120 DAP; 
however, at 180 and 240 DAP, more tubers were observed under CM and N treatment than 
the control. The dry weight of tubers at 180 DAP was the same under CM treatment and the 
control, with a significantly lower dry weight under N treatment. CM-treated plants produced 
tubers with the highest dry weight at 240 DAP, but the difference was not significantly 
different from that under N treatment. No significant difference was observed between N 
treatment and the control. Earlier tuber enlargement was observed in control plants compared 
with CM- and N-treated plants. Dry weights of roots were the same under all treatments at 
each time point, with no significant differences as a result of fertilizer application. However, 
an increase in all growth parameters was observed under both CM and N treatment 
compared to the control plants. 
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Table 16. Effect of urea (N) and cow manure (CM) on growth of lesser yam 
DAP Treatment 
Number 
of leaves 
Total length 
of vines 
(cm)
1)
 
Dry weight 
of aerial 
parts (g) 
SPAD 
Number 
of tubers 
Dry weight 
of tubers (g) 
Dry weightof 
roots (g) 
60 
Control 55.2 
b
 181.5 
a
  9.37 
b
 26.66 
a
 - -   4.99 
a
 
CM 85.0 
a
 280.4 
a
 14.97 
a
 28.12 
a
 - -   4.21 
a
 
120 
Control 177.2 
b
 220.7 
a
  22.91 
b
 31.43 
b
 4.4 
a
 1.96 
a
   10.97
 a
 
CM 347.0 
a
 499.0 
a
  39.48 
a
 40.52 
a
 4.8 
a
 0.24 
a
   9.4 
a
 
N 394.0 
a
 382.9 
a
  38.19 
a
 37.42 
a
 1.4 
a
 0.07 
a
   11.39 
a
 
180 
Control 260.0 
b
 375.2 
c
  24.97 
b
 24.07 
c
 6.8 
b
 19.97 
a
   9.08 
a
 
CM 774.2 
a
 830.3 
a
  70.62 
a
 33.22 
b
 17.6 
a
 21.33 
a
   11.81 
a
 
N 698.2 
a
 519.1 
b
  60.10 
a
 41.96 
a
 17.0 
a
 9.92 
b
   10.97 
a
 
240 
Control 233.8 
b
 153.8 
b
 22.48 
b
 1.25 
c
 6.0 
b
 38.65 
b
   9.45 
a
 
CM 731.0 
a
 861.9 
a
 59.88 
a
 19.41 
b
 12.6 
a
 56.36 
a
   12.2 
a
 
N 864.2 
a
 771.7
 a
 59.36 
a
 29.89 
a
 17.4 
a
 42.74 
ab
   12.15
a
 
Different letters indicate a significant difference within the same sampling data at a 5 % level 
according to Tukey’s multiple comparison test. Values represent averages of 5 samples collected at 60, 
120, 180 and 240 days after planting (DAP). 
1): mean stems. 
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Figure 12. Growth differences between control, cow manure and 30Kg10a
-1
 nitrogen treated 
plants at different interval of observation. 
A: Control (120 DAP), B: cow manure treatment (120 DAP), C: nitrogen treatment (120 
DAP), D: Control (180 DAP), E: Cow manure treatment (180 DAP), F: nitrogen treatment 
(180 DAP).  
A B C 
D E F 
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Figure 13. Growth differences between control, cow manure and 30Kg10a
-1 
nitrogen treated 
plants at harvest stage. 
A: Control (240 DAP), B: Cow manure treatment (240 DAP), C: nitrogen treatment (240 
DAP).  
 
 
 
 
 
 
B C A 
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Figure 14. Tubers growth differences between control, cow manure and nitrogen treatments 
at 180 days after planting (DAP). 
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Figure 15. Tubers growth differences between control, cow manure and 30Kg10a
-1
 nitrogen 
treatments at harvest stage. 
A: Control (240 DAP), B: Cow manure treatment (240 DAP), C: nitrogen treatment (240 
DAP). 
 
 
A B 
C 
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4.3.3. The natural abundance of δ15N in experimental plants and soil 
The natural abundance of δ15N in the study plants and soil are presented in Table 17. 
δ15N values in the soil were similar at all time points, with no changes that could be 
attributed to cow manure or N fertilizer application. In contrast, the average δ15N value of 
cow manure was +14.96‰ and that of urea δ15N was – 0.60‰ (Table 15). The maximum 
δ15N of both tubers and leaves of test plants were observed under CM treatment, while 
minimum values were recorded under N treatment at all measurement points. The δ15N value 
of seed tubers was 4.44‰. The δ15N of leaves and tubers in the control was 4.65~6.15‰ at 
all measurement points, and of soil was 8.60~8.93‰. However, δ15N were significantly 
different between control plants, N and CM treatment. 
 
4.3.4. Isolation of nitrogen-fixing endophytic bacteria 
A total of 30 test tube samples were used in the ARA analysis. Six colonies were 
isolated from high ARA value tubes: five from roots (R-type) of plants 2 and 3, and one 
colony from stems (S-type) of plant 1 (data not shown). The results of phylogenetic 
relationships based on 16S rRNA gene sequences of isolates and their related species are 
shown in Figure 16. Isolates were closely related to Xanthomonas sp. (R-21), Devosia sp. 
(R-31), Azospirillum sp. (R-32 and R-33), Klebsiella sp. (R-34), and Rhizobium sp (S-11), 
indicating the existence of nitrogen-fixing endophytic bacteria in lesser yam. 
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Table 17. Natural abundance of δ15N in lesser yam leaves, tubers and soil samples 
DAP Treatment Leaves Tubers Soil 
0  - 4.44 (0.5)
1)
 7.72 (0.1) 
60 
Control 
CM 
4.65 
b
 
17.26 
a
 
- 
8.60 
ns
 
9.56 
120 
Control 
CM 
N 
5.14
 b
 
17.64 
a
 
– 2.46 c 
- 
 
7.29 
ns
 
7.88 
7.68 
180 
Control 
CM 
N 
5.3 
b
 
16.7 
a
 
0.03 
c
 
5.65 
b
 
16.6 
a
 
– 0.79 c 
8.47 
ns
 
8.77 
8.67 
240 
Control 
CM 
N 
5.6
b
 
15.28
a
 
0.8
c
 
6.15
b
 
16.7
a
 
– 0.53c 
8.93
ns
 
9.08 
8.55 
1): seed tubers data. 
Note: values represent the mean followed by s.e. 
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4.4. Discussion 
The effect of fertilization on lesser yam growth is not clearly understood. In Okinawa 
prefecture, Japan, cultivation of lesser yam does not employ much fertilizer. In our previous 
experiment (chapter three), urea application was shown to have a positive effect on lesser 
yam growth and tuber yield. However, plants were also able to grow without fertilizer under 
poor fertile soil conditions. Moreover, δ15N values of the urea-treated plants suggested that 
nitrogen was absorbed from the urea, although the source of nitrogen in control plants (no 
urea application) was not identified. 
In this experiment, CM treatment at planting and N treatment at 60 DAP resulted in 
significantly bigger growth until harvest (240 DAP) compared to the control. These findings 
were in line with our previous experiment (Rezaei et al., 2016). Cow manure also promoted 
growth of lesser yam in this experiment. A significantly higher number of leaves and larger 
dry weight of aerial parts was observed at all time intervals, with longer vine lengths at 180 
and 240 DAP suggesting that fertilizer application promoted vegetative growth. Higher rates 
of N nutrition were previously found to promote above-ground growth and enhance the 
chlorophyll content of white guinea yam leaves (Suja, 2001). Yellowish leaves were 
observed in control plants at 120 DAP. This result was in agreement with a previous 
observation of yellowish leaves in lesser yam under minimum nitrogen application 
(O’sullivan and Ernest, 2007). 
Enyi (1972) found that staking and N application of lesser yam increased the number 
of tubers per plant, with positive responses in terms of crop growth and yield. This was also 
the case in the present study at 180 and 240 DAP, whereby application of CM and N resulted 
in an increased number of tubers compared to the control. N treatment delayed tuber 
initiation and prolonged growing season. So, it is thought 30kg10a
-1
 N application is more 
for the lesser yam, which at 240 days after planting (harvest stage) was not reached to fully 
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senesces. Moreover, in our previous experiment (chapter three), application of 30kg10a
-1 
N 
resulted in the production of more tubers and extended the growing season of lesser yam. 
The higher dry weight in CM treatment was because of providing nutrients for the 
plants during the plants growth. Using poor soil caused to control plants produce lower tuber 
yield. However, there was no significant difference in the dry weight of tubers at 240 DAP 
between N treatment and the control, or between N and cow manure treatment, although CM 
treatment resulted in tubers with a significantly higher dry weight compared to the control 
(Table 16). Similarly, higher tuber yield of yams cultivars obtained from chemical fertilizer 
and organic manure treatment. And also, control plants produced high enough yield due to 
high native fertility of the soil (Eze and G. C. Orkwor 2010). Moreover, Noralyn and Malab 
(2013) reported control plants produced compare able yield with organic and inorganic 
fertilizer. Applying organic fertilizer sustains soil fertility and inorganic fertilizers in Tugui 
(D. esculenta) produced higher yield, however, it was not significantly different with organic 
fertilizer treatment and those without fertilizer. 
In general, these results suggest that lesser yam is able to grow even without fertilizer 
application, although a small amount is required for stable yield. 
N isotopes are strongly fractionated by certain chemical and physical processes, 
resulting in variable isotope ratios in common materials. The δ15N values of a plant 
reflect the δ15N value of the N source; for example, the soil or air. Here, the δ15N value of 
control leaves (4.65‰) at 60 DAP indicated that nitrogen was obtained from the seed tuber. 
Moreover, negative δ15N values in the leaves and tubers of N-treated plants were possibly 
affected by the application of urea (Tables 15 and 17). Furthermore, high N values in cow 
manure-treated plants suggested that nitrogen was absorbed from the manure (Tables 15 and 
17). These findings support the theory of Robinson (1998) who suggested that when a pool 
divides without transformation there is no change in the δ15N values of N entering the 
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resulting pools. δ15N values of control leaves and tubers were much lower than those of the 
soil; however, the source of nitrogen in the control plants was not identified. Similar results 
were observed in water yam, with N-treated water yam absorbing N from urea and control 
plants possibly obtaining N from the air Takada et al. (in press). Similarly, 
Terakado-Tonooka et al. (2013) reported nitrogen-fixing endophytes associated with sweet 
potato plant growth, thereby allowing growth under limited nitrogen condition. 
Isolation of nitrogen-fixing endophytic bacteria was carried out in Experiment 2. The 
tested lesser yam plants were able to fix nitrogen, suggesting the existence of nitrogen-fixing 
bacteria. A total of five nitrogen-fixing endophytic bacteria were isolated in the roots of the 
control plants through ARA tests and 16S rRNA gene sequences analysis. Moreover, the 
gene of a Rhizobium sp., a typical root nodule bacteria (Devvrat et al., 2008), was identified 
in a stem sample. Four of the endophytic bacteria were isolated from the roots, and found to 
be related to species of the genera Azospirillum, Devosia, Klebsiella and Xanthomonas. As 
reported by Rivas et al. (2002), Devosia is a nitrogen-fixing root nodule bacterium found in 
the aquatic legume Neptunia natans (L. f.) Druce. Moreover, Rodrigues et al. (2015) 
revealed that Azospirillum is associated with cereals and grasses, having now been described 
in 17 species. Klebsiella and Xanthomonas have been found in sweet potato (Asis and 
Adachi, 2003; Khan and Doty, 2009). This is the first report confirming the existence of 
nitrogen-fixing endophytic bacteria associated with lesser yam of Dioscorea spp. Availability 
of these bacteria in control (no fertilizer application) plants caused to survive and produce 
comparable yield with nitrogen treatment in poor soil condition. In our previous experiment 
(chapter three) observed squash plant which is known that is not able to fixe nitrogen could 
not grow and were died under similar condition of lesser yam. So, the findings suggest that 
control plant were able to survive through symbiosis with nitrogen-fixing bacteria. Farther 
studies are now needed to confirm the rate of nitrogen-fixing and contribution of these 
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bacteria to lesser yam growth. Isolation of more bacteria using different bacterial isolation 
media is also warranted. 
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 Azospirillum formosense (T) CC-Nfb-7 GU256444 
Azospirillum formosense (T) CC-Nfb-7 GU256444(2) 
 R-33 
 R-32 
Azospirillum canadense (T) DS2 DQ393891 
Azospirillum rugosum (T) type strain: IMMIB AFH-6 AM419042 
Azospirillum rugosum (T) type strain: IMMIB AFH-6 AM419042(2) 
Azospirillum lipoferum (T) Z29619 
Azospirillum thiophilum (T) BV-S EU678791 
Azospirillum picis (T) type strain: IMMIB TAR-3 AM922283 
Azospirillum brasilense (T) ATCC 29145 NCIMB 11860 AY324110(2) 
Azospirillum brasilense (T) ATCC 29145 NCIMB 11860 AY324110 
Azospirillum melinis (T) TMCY 0552 DQ022958 
Azospirillum zeae (T) N7 DQ682470 
Azospirillum oryzae (T) COC8 AB185396(2) 
Azospirillum oryzae (T) COC8 AB185396(3) 
Azospirillum oryzae (T) COC8 AB185396 
Azospirillum doebereinerae (T) 63f AJ238567 
 R-31 
Devosia yakushimensis (T) Yak96B AB361068 
Devosia psychrophila (T) Cr7-05 GU441678 
Devosia insulae (T) DS-56 EF012357 
Vasilyevaea enhydra (T) 9b GQ221761 
Vasilyevaea enhydra (T) 9b GQ221761(2) 
Beijerinckia doebereinerae (T) LMG 2819 CECT 7311 EU401905 
 S -11 
Rhizobium daejeonense (T) L61T KCTC 12121 AY341343 
Rhizobium larrymoorei (T) 3-10 Z30542 
Rhizobium skierniewicense (T) Ch11 HQ823551 
Rhizobium radiobacter (T) IAM 12048 AB247615 
Rhizobium rosettiformans (T) W3 EU781656 
Xanthomonas codiaei (T) LMG 8678 T Y10765 
Xanthomonas theicola (T) LMG 8684 T Y10763 
Pseudomonas cissicola (T) ATCC 33616 AB021399 
Xanthomonas vasicola (T) LMG 736 T Y10755 
Xanthomonas sacchari (T) LMG 471 T Y10766 
 R-21 
Xanthomonas hyacinthi (T) LMG 739 T Y10754 
Xanthomonas translucens (T) LMG 876 X99299 
Xanthomonas melonis (T) LMG 8670 T Y10756 
Xanthomonas albilineans (T) LMG 494-T X95918 
Klebsiella pneumoniae (T) DSM 30104 T X87276 
Klebsiella pneumoniae (T) ATCC13884T Y17657 
 R-34 
Klebsiella variicola (T) F2R9 AJ783916 
Klebsiella pneumoniae (T) ATCC11296 AF130982 
Enterobacter asburiae (T) JCM6051 AB004744 
Enterobacter cancerogenus (T) LMG 2693 Z96078 
Enterobacter aerogenes (T) JCM1235 AB004750 
Enterobacter kobei (T) type strain: CIP 105566 AJ508301 
Enterobacter cloacae (T) LMG 2683 Z96079 
Enterobacter ludwigii (T) type strain: EN-119 DSMZ 16688 CIP 108491 AJ853891 
87 
6
9 
32 
27 
7
2 82 
67 
10
0 
5
6 
62 
51 
78 
6
8 
4
3 
51 
29 
10
0 
100 
50 
34 
2
7 43 
99 
9
9 
58 
45 
37 
100 
8
2 
100 
10
0 
9
6 
94 
72 
8
6 
77 
98 
88 
10
0 
3
2 
24 
31 
50 
8
1 82 
0.02   
Figure 16.Phylogenetic relationship based on partial 16S rRNA sequences of bacteria isolated from lesser yam and closely related sequences. 
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Chapter five 
Summary 
Yams are an important crop around the world, especially in West Africa, where yams 
are highly regarded food products that are closely integrated into social, cultural, economic, 
and religious aspects of life. Yams are widely grown in a range of soils under either 
improved or subsistence cultivation techniques. Yam yields are thought to be decreasing 
because of low soil fertility caused by shorter fallow periods and the use of more marginal 
land for yam production with increasing demands on agriculture to feed increasing human 
population. 
Application of organic fertilizers such as farmyard manure, compost or bio-fertilizer 
can be necessary to maintain soil fertility in yam cropping systems. Thus, additional inputs 
and costs such as manure, compost, or fertilizers are difficult to introduce to yam-based 
cropping systems in developing countries. So reduced fertilizer costs can benefit yam 
production. The management of fertilizer application is a crucial issue for yam production in 
tropical and sub-tropical regions and should be studied. However, comparisons of studies on 
the effects of soil fertilization in yam production have been complicated. 
 
1. Efficiency of chemical fertilization for the growth and yield in yams 
Yams are an important crop and staple food in tropical regions and have very high 
soil fertility demands. However, comparisons of studies on the effects of soil fertilization in 
yam production have been complicated by the use of many species/varieties, soil types, 
precipitation, and different agricultural and agro-ecological management practices in various 
reports. Generally, the yield of yam under traditional cultivation, such as fallow production 
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systems in tropical regions, is low. Adequate application of both organic and inorganic 
fertilizer increases the yield and improves yam crop productivity. Therefore, application of 
NPK (nitrogen: phosphorus: potassium) compound fertilizer during yam production is 
expected to improve yield under low fertility condition. But additional costs result in higher 
prices in underdeveloped countries that often have to import fertilizer. Nitrogen fertilizers such 
as urea and ammonium sulfate are relatively cheaper than NPK fertilizers and are often used in 
yam crop systems. However, the most appropriate amounts of urea or ammonium sulfate to 
apply and the best timing for application have not clear in previous reports. Also, there have 
been no reports on the effectiveness of single applications of nitrogen fertilizer under fallow 
production systems with poor soil organic matter conditions.  
 
2. Effect of nitrogen fertilizer on growth of the lesser yam 
The effect of fertilization on lesser yam growth is not clearly understood. Increased 
lesser yam production in Okinawa prefecture, Japan, is desired due to increasing demand for 
use in commercial health supplements. However, fertilization guidelines for production are 
not yet available in Japan. This study aimed to reveal the effects of nitrogen application on 
growth of lesser yam in Okinawa from April 2014 to January 2015. Growths with urea 
application (N treatment) and without urea (control) were compared. 
N treatment had a positive effect on growth and tuber yield in soil with poor organic 
matter. Yellowish leaves were observed in control plants from 120 days after planting (DAP), 
but plants grew until 240 DAP. It was possible to grow lesser yams under poor fertile soil 
conditions. 
The δ15N values of the N treated plants suggested that nitrogen was absorbed from 
the urea; however, the source of nitrogen in the control plants was not identified. The 
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quantity of nitrogen required for a stable yield of lesser yam is thought to be less than that 
required for water yam. 
 
3. Nitrogen-fixing endophytic bacteria is involved with the lesser yam (Dioscorea 
esculenta L.) growth under low fertile soil condition 
The relationship between nitrogen absorption and growth of lesser yam is not clearly 
understood. The results of our first experiment (chapter three) that lesser yam was able to 
grow under poor fertile soil conditions without nitrogen fertilization; however, the source of 
nutrition was not identified. This study, which was conducted from April 2015 to January 
2016 aimed to determine whether nitrogen-fixing endophytic bacteria are associated with 
lesser yam. Growth with urea (N treatment), with cow manure (CM treatment) and without 
nitrogen (control) was compared. N and CM treatment had a positive effect on growth and 
tuber yield in soil with poor organic matter. Control plants presented with yellowish leaves, 
but grew until harvest and had a tuber yield comparable with other treatments. Changing 
natural isotope values (δ15N) under N and CM treatment suggested that nitrogen was 
absorbed from the urea and cow manure, respectively; however, the source of nitrogen in the 
control plants was not identified. 
Isolation of nitrogen-fixing endophytic bacteria using an acetylene reduction activity 
test and phylogenetic analysis of 16S rRNA gene sequences revealed five species of in the 
stem and roots of the lesser yam plants. These species were shown to be related to species in 
the genera Azospirillum, Devosia, Klebsiella, Rhizobium and Xanthomonas. The Rhizobium 
sp. was found in stem and the others were observed in the roots of lesser yam. All these 
species are known as nitrogen fixing bacteria and associate with plants growth. This is the 
first report to identify nitrogen-fixing endophytic bacteria associated with lesser yam. 
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4. Discussion 
Lesser yam can be grow without inorganic input (Noralyn and Malab, 2013), with 
yields under inorganic fertilizer showing no significant differences with yield under organic 
fertilization and no fertilizer, respectively. Under low fertile soil conditions, N-treated water 
yam plants were found to absorb N from the urea; however, nitrogen source in control plants 
(no N application) were not identified Takada et al. (in press). The nitrogen absorption 
phenomenon in plants can be used to explain changing stable nitrogen isotope (δ15N) values, 
which in water yam suggest fixing of atmospheric nitrogen. Comparisons of lesser yam and 
squash revealed that lesser yam plants were able to grow in extremely poor soil conditions, 
while squash plants, which are unable to fix atmospheric nitrogen, died under similar 
conditions. These findings suggest that lesser yam plants absorb nitrogen. Sweet potato is 
able to grow under limited nitrogen conditions as a result of nitrogen-fixing endophytes 
associated with plant growth (Terakado-Tonooka et al., 2013). It is therefore possible that 
there are similar endophytes associated with lesser yam. 
A total of five nitrogen-fixing endophytic bacteria were isolated in the roots of the 
control plants through ARA tests and 16s rRNA gene sequences analysis. Moreover, the gene 
of a Rhizobium sp., a typical root nodule bacteria (Devvrat et al., 2008), was identified in a 
stem sample. Four of the endophytic bacteria were isolated from the roots, and found to be 
related to species of the genera Azospirillum, Devosia, Klebsiella and Xanthomonas. As 
reported by Rivas et al. (2002) Devosia is a nitrogen-fixing root nodule bacterium found in 
the aquatic legume Neptunia natans (L.f.) Druce. Moreover, Rodigues et al. (2015) revealed 
that Azospirillum is associated with cereals and grasses, having now been described in 17 
species. Klebsiella and Xanthomonas have been found in sweet potato (Asis and Adachi, 
2003; Khan and Doty, 2009). 
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These findings suggest that control plants were able to survive through symbiosis 
with nitrogen-fixing bacteria. Further studies are needed in order to confirm the rate of 
nitrogen fixation and contribution of these bacteria to lesser yam growth. Isolation of more 
bacteria using different bacterial isolation media is also warranted. 
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APPENDIX 
ABBREVIATIONS OF THE TERMS USED IN THE THESIS 
Abbreviation Expansion 
a
-1
 Per are 
ARA Acetylene reduction activity 
BLAST Basic local alignment search tool 
cm Centimeter 
CM Cow manure 
C/N Carbon/nitrogen ratio 
cv Cultivar 
DAP Days after planting 
DW Dry weight 
EC Electrical conductivity 
g gram 
h hours 
ha
-1
 Per hectare 
HPLC High performance liquid chromatography 
ICP Inductively coupled plasma spectroscopy 
Kg Kilogram 
L Liter 
LAI leaf area index 
m meter 
m.e Milli-equivalent 
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Abbreviation Expansion 
mg Milligram 
Mg Mega gram 
Mg Magnesium 
mm Millimeter 
min Minute 
μl Micro liter 
µS Micro Siemens 
ns Non significant 
s.e Standard error 
SDS Sodium dodecyl sulfate 
t tone 
TC Total carbon 
TN Total nitrogen 
WAP Weeks after planting 
% Per cent 
‰ Per-mille 
 
 
